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ABSTRACT

Doppler radar, compass heading, and VLF communications station
phase difference information are combined in an optimal fashion to form an
integrated navigation system based on the concepts of Kalman filtering. A
ten-state Doppler/VLF Kalman filter navigation algoritiim is designed for use
onboard the NAE Convair 580 aeromagnetics research aircraft, with simula-
tion studies conducted using computer programs written in FORTRAN for
the IBM 3032 TSS operating environment. Results from the studies show the
unique features of a Kalman filtering approach to the navigation task. i
Various contingencies, or anomalous situations, that can arise when handling ‘
the VLF data are considered, and solutions are offered in the context of the
Kalman filter approach being used. A comparison study involving simulated
navigation data demonstrates the superiority of the Kalman filter navigator !
compared to simpler navigation algorithms, especially when significant bias
errors occur in the basic quantities being measured. A further comparison
study based on navigation data collected onboard the Convair verifies that
the proposed Kalman filter navigation algorithm operates properly when
using typical ‘real world’ data.
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SOMMAIRE ‘

Des données de radar Doppler, de cap au compas et de déphasage
entre stations de télécommunications VLF sont combinées de fagcon opti-
male dans un nouveau systéme de navigation intégré fond¢é sur les principes
du filtrage Kalman. On a en effet élaboré un algorithme de navigation pour
filtre Kalman Doppler/VLF a dix états utilisé a bord de Paéronef de recher-
che aéromagnétique NAE Convair 530; des études de simulation ont été
menées a I'aide de programmes informatiques rédigés en FORTRAN pour le
milieu de fonctionnement du systeme TSS IBM 3032. Les résultats de ces
études font ressortir I'apport unique du filtrage Kalman dans un systeme de
navigation. Diverses contingences ou anomalies pouvant se présenter lors du
traitement des données VLF sont mises en évidence, et des solutions faisant
appel au filtrage Kalman sont proposées. Une étude comparative portant sur i
des données de navigation simulées démontre la supériorité du navigateur & ___ . __ ‘
filtre Kalman par rapport a des algorithmes de navigation plus simples, sur- on For )
tout lorsque se présentent des erreurs non centrées importantes dans les pagl T

grandeurs de base mesurées. Une autre ¢tude comparative reposant sur des 3 ]
données de navigation recueillies a bord du Convair confirme Uefficacité de 1ona 3
I’algorithme de navigation pour filtre Kalman lorsque des données typiques 1 ]
et ‘réelles’ sont utilisées. ; o !
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A KALMAN FILTER APPROACH TO NAVIGATION ON THE
NAE CONVAIR 580 AKROMAGNETICS RESEARCH AIRCRAFT

1.0 INTRODUCTION

The NAE Convair 580 research aircraft has onboard various navigation aids, including
Doppler radar, C-12 compass heading, VLF station phase difference information, LORAN-C, OMEGA
station phase difference information, a Litton LTN-51 inertial navigator, and the possibility of a GPS
(Global Positioning System) receiver at some time in the near future (Refs. 1 and 2). With so much
redundant navigation data available, it is important to try to use it as effectively as possible. A Kalman
filter approach (or some extension of it) becomes almost esssential in such a situation in order to
‘blend’, in some optimal fashion, the various types of navigation information.

At the Flight Research Laboratory, a study was initiated in May 1978 to look at a simple
Doppler/VLF navigation filter employing the Kalman filter technique. The purpose of this study was
three-fold:

1) to gain an understanding of basic Kalman filter concepts through analyzing a relatively
simple version of a Kalman filter;

ii)  to compare the Doppler/VLF Kalman filter to the Doppler/VLE complementary filter
being used at present; and

iii) to demonstrate the possible advantages of the Kalman filter approach for other applications
at Flight Research — a multi-sensor hybrid navigation system and aircraft attitude sensing
are just two of the possibilities.

2.0 THEORY OF KALMAN FILTERING

The mathematical theory behind the concept of Kalman filtering involves probability and
statistics together with linear systems theory in a state vector formulation. In this chapter. the basic
theory will be outlined very briefly - many references are available for a more complete analysis of
the theory (e.g. Ref. 3 is an excellent textbook on the subject).

2.1 Elementary Statistical Concepts

References 1 and 5 serve as a very good source for gaining a quick understanding of the
underlying principles of a Kalman filter. In its very simplest form. the Kalman filtering process con-
sists of combining two independent estimates of a random variable to form a weighted average. The
optimal weighting factor is chosen so as to produce a weighted average having the minimum variance.
Let x1 and x2 be two independent estimates of a Gaussian random variable, x. having variances
o7 and 0,7 respectively (see Ref. 6 for basic statistical definitions). Furthermore, assume that x2
is estimated by measuring ¥y2 ° h * x2_ where y2 has the vartance o, :3 “he o N 2oNow, a general
form for the weighted average of x1 and x& would be,

X (I K-+ hr-x1 + K*<h-*x2

(1 Kby xt ¢+ Kev2: 0 K-h" 1

with K ¢ h the "weightimg" on x2and (1 K« h) the "weighting"on v1 0 Kas the weighting factor

sl ettt i
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From Equation (2.1), the statistical expectation (i.e. mean value) of x, E(x), can be
expressed as,

E(x) = (1- K-h)-Exl) + K- E(y2) 12.2)

By definition, the variance of x, . ?, would be,

0.2 = E{[%- D] (2.3)
The following expansion of Equation (2.3) can then be developed: ,
0. = E{[§~E(i)]3} = E{[(l—K-h)-xl J
+ K-y2-(i-K-h - ExD - K- Ey2)]°} ,
= B{[(1- K - x1- Bix1) + K- y2- Ey2n ]’
s , , \ 2.0
= B{r-Kem? - [s1-Ban]? o+ K2 [v2- Be2i)?
20K (1= Keh e [0 B - [v2 - Ew2)])
= - K-m? - B[ - Ban] ) e KT E{[ve- Eiy21]?)
+2-Ke - Ko Bf[s1- Bsn] - [v2 - vz ]
Now. E{Ix1 Exh] - |y2 - F](y2il} = 0 because x1 and v2 = b - X2 are assumed to be independ-
ent estimates: hence, [x1 - BE(xDiand [y2 -~ Kiy21]  h - [x2 - E(x2}] must be uncorrelated. The
expansion of ¢ then reduces to
g =l K'h)l'o\‘l + Ko ,” 12.0)

To determine the mimimum variance, (‘J\ 2 as o function of welghting factor, K, simply differentiate
Fquation 12.5) with respect to K and set the result to zero. Thus,

G-

N
. 2ehcab- Koy o 0 2 20K a s 0 (24
K °
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which yields the optimuin value of K, K, as
. h-o
K=---"——---— (2.7)
0., +th?+yu

From Equation (2.1), the expression for the best estimate, X. can be written as,
. .

x = (1-K-hy*x1 *+ Keh-x2 = x1-K-(h-xl-y2 (2.8)

and. from Equations (2.5) and (2.7). the expression for the variance of %, ‘N 2, becomes,

A hl » Al b} > ) Al
o~ =41 K- -hy»--o0,~ + K--0,,-
2 5 2
g, »- hea -
v 2 s s
= - ; o AT ‘7 S T G2
h= 0, ,- +tu - h-0,,- +a,--
(2.9
Al 3
ag = * 0,
Al Al
h- o~ +to -
)
gy ~-
S T N X = N
N - ot Kehy = o~ Kreh-og-
h=o -+, "

If one assumes that v2 = h * x2 is a measurement used to improve an updated estimate. x1. then
Equations (2.8) and (2.9) indicate just how the estimate and its variance are improved by the measure
ment,

2.2 State Variable Formulation for a Linear Kalman Filter

In order to apply Kalman filtering technique to any particular phyvsical problem mvolving
a dyvnamic process, the equations of motion of the process must be expressed in a state variable formu-
fation. with any random noise processes included as well  the underlying statistical theory will be
that of a Markov process. Furthermore, sampled data versions of the various equations will he used in
order to reflect the more practical situation of having to deal with measurement data i digital form.
First. a sealar (e one<hmensionaly Kalman filter will be developed to outhine the hasie principles of
state variable formulations and Markov processes: then, an extension to the general multi-dimensional
Kalman filter algorithm will take place.

2.2.1 Scalar Kalman Filter

In the cnsume mathematical development a ssystem state” formulation s assumed.m which
the actual state of the physcal system s to be estimated using a Kalman Hilter. An alternative 1o ths

T
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would be the so-called ‘error state’ formulation, in which it is only the error in the particular process
state which is to be estimated via a Kalman filter (see Ref. 5 for an interesting example of an error
state formulation).

Assume a first-order physical system exists in the form of a Markov process (see Ref. 3 for
definition), as follows:

Xpep = fiooxg gty (2.10)
where
X, = true state of the process at time t;
f, =  transition term representing the dynamics. or equation of motion.

of the system

u - random noise input with zero mean and variance ¢, . assumed to be
Gaussian
g - scalar multiplier reflecting the effect of the random noise process. u.

on the state x

Equation 2.10) is known as the plant equation, with u, the so-called plant noise.

As well as a scalar plant equation, it is assumed that a measurement process exists in which
the quantity being measured, y. is some linear function of tne state of the system. Thus,

Yoy = hpey o Xpar vy (2.11)
where
Yier quantity being measured
hy,, - scalar multiplier reflecting the relationship between the measurement
and the state
Vi, = random measurement noise with zero mean and variance ry .

assumed to be Gaussian

Equation (2.11) is called the observation (or measurement) equation, with v, | the observation (or
measurement) noise. Note that fk CH hk c4y - and r, are all allowed to vary from one sample time to
the next in this formulation,

In order to relate this first-order methematical development to what was discovered in
section 2.1 (i.e. about optimally combining an update and a measurement). it is necessary to expross
the variance of the update, p, . properly. For this purpose, define the following quantities:

,Qk best estimate of the true state after k samples of data

'

X e © state update based on .Qk. i.e. .\'k' A P ﬁk

-
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—_— . A
Py = variance of x,
’ P . '
P,., = Vvariance of the update x,
j— . A L)
€, = randomerrorinx,, namely X, - X,
L3 — : 14 ' _
€+, = randomerrorinx, ,namelyx, , - X,

The best update from the plant equation can be expressed as, B

Xeop T BooX = focxore) = foox e
(2.12)
T X TB W YL
Since x, ,, represents the true value of x at t, , | , the error in x , | , €, , |, must be
’ — ’ = » .
€kvl Xes) ~ Xpep = "8ty Y foce (2.13)

Also, the variance of € , |, var { €, +,} , is precisely the variance of x; .|, P+, because x, , | = E(x,,) ‘
(i.e. the true value has no variance, by definition). Therefore,

Pyey = var{e;(ﬂ} = var{—gk cu, +f, ~ek}
(2.14)
= var{— g, -uk} + var{fk 'ek}

because u, and €, are assumed to be independent random processes. With var { u, } = q,. and
var {e,} = var {%,} = p.Equation (2.14) becomes,

' -2 . 2 .
Peey = 05 P + 8 g

(2.15)

R A R - M -

It is now possible to make comparisons based on the previous developments of Section 2.1. At step
k+1 identify

- 4 . 2 = 4 - . . . .
X1 = X5 0y S Py = foope 6 * B a9t B

- . 2 = » =
Y2 = Yis Oyy = Iy h = hk+| (2.16)
X S S K = Kk”




m
!

Equations (2.7), (2.8), and (2.9) from Section 2.1 can then be rewritten as,

, _ >

K . S (2.17)
hyvy Py ey o
< = x' _ . o x5! - v 918
X Xp+i Ko (hkﬂ Xp 41 h”) (2.18)
and

- . . cu 2.1¢
Peer = Puar — Kooyt by 12.19)

respectively. Thus, the best estimate of the first-order system state, X, and its variance, p; , can be
updated for minimum variance at each step by sequencing, recursively, through the following so-called
Kalman update equations:

Xpop © fk * X, plant update
Peoy = foope o f v g ta g variance of update

. o | ' + o - 2.20
Kooy = Poyy “heyy [th Ppsy h L Kalman gain (2.20)
ot = L’ - - P - 3 ST N <f1 B

Xpop T X K (hk o T X T Vs I) optimal state estimate

after k+1 samples
Poey = Py Kooy sy o0y variance of optimal

state estimate

Note that. in order to initiate the Kalman recursion formulas of Equation (2.20), 1t is necessary to
establish initial conditions for X and p - - i.e. X, and p,. These initial best estimates for the state and
its variance are sometimes difficult to determine precisely and, so, must be approximated in some
manner to ‘start off’ the filter.

2.2.2 General Form of the Linear Kalman Filter

The general form of the linear Kalman filter for the multi-dimensional situation is simply an
extension of the foregoing scalar case using matrix formulation. A\ general nth.order physical process
is assumed to have the following sampled data version of the plant equation:

*k =bpex 2 Gty (2.21)
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where
Xy 7 nth.order state of the process at time t, , with the dimension (n x 1)
¢, = (nxn) transition matrix representing the known dynamics of the process
u, = mthiorder (m < n) vector representing zero mean, random disturbances. or plant
noise, in the system —- dimension (m x 1)
G, = (nxm) matrix representing the effects of the m noise sources on the n states of the

system

‘The plant noise vector, u |, is usually assumed to correspond to a set of m zero mean, random noise

. . A . -
processes with constant variances, - t1=1,....m; all noise processes are assumed to be independ-

ent of each other. These assumptions of Gaussian noise result in an (m x m) covariance matrix for

u.Q . of the following form:

-~ —
s
g~ 0 . -+ - 0
ul
s
0 0°,,0 - « - 0
= (2.22)

Q, =Q = . . .

. . ()

0 0 0 o

um
In conjunction with this general multi-dimensional linear plant, assume that a multi-
dimensional measurement process exists as follows:
o X + RARS
Yoo S Hoo X0 Y vy (229
where
Yo vthoorder (¢ << n) set of measurements at time t,, - with the dimension (A x 1)
", (¢ x n) matrix which operates on x| , torepresent the relationship between state
variables and measurements

Vi (¢ x1) measurement noise vector representing zero mean, random disturbances

(t.e. observation noise) in each of the measured quantities




The measurement noise vector, Viere is normally assumed to be a set of ¢ zero mean,
random noise processes having constant variances, 03\ =1, 000, U each noise process s abso
assumed to be independent of the others. The (U x ) covariance matnx, R A for Vi then

becomes,

- -
0, O . 0
0 U\ . i
TSI . : (2.24)
. -0
0 . . . 0 g,

For the foregoing multi-dimensional process and measurement configuration, the Kalman

filter task is to compute the best estimate of x| )‘(k . and the covariance matrix of ik. P, .at each
'

Ko k=1.2.... . Asin the scalar case, define X, 4 as the state update based on X, (e

= (P
ik 1

form for the Kalman update of Sk and P | (proof given in Ref. 4) is then,

time t

X LH : f(k }; and define P ;H as the covariance matrix associated with \L* ; - The general

Xpar = Py xg plant update
P |'<+1 = ¢, P, - fle +G,Q, G : covariance of update
1

K., = l)LH .}j:H .[Hk” 'PI’HI -[_{:‘H+l_{k”] Kalman gain matrix
- - ~ - - - (2.25)
g“l = x;(” - 5“] °[P_lk” 'xl'(+I - ka] optimal state estimate

- - - after k+1 samples
Po., = Puy Kooy "Heo " Py covariance of optimal

- state estimate

Note the strong similarity between the scalar form of the update, given in Equation (2.20), and the
above matrix form. The matrix recursion formula given in Equation (2.25) corresponds to a mini-

mizationof P | , at each step, i.e. the optimal state estimate is always the one having minimum error

variance in the Kalman filter approach to the problem.

Now the Kalman filter update equations define a set of recursion relationships, readily
implemented on a digital computer, for computing the optimal state estimate of a physical process
in real time - this is the essence of the benefit to he derived from a Kalman filter. Assuming that the
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plant and measurement processes are well-known (i.e. accurate knowledge of @ LG . Q oMy cand
R, ) then all that is required to get the Kalman filter started is knowledge of the inital state vector
estimate, X and its initial, or so-called a priori, covarance, P Often it s difficult to speaify an aceu-
rate estimate of P it really reflects the possible variance of the error in the imtial state estimute.
The covariance matrix, P

L+ 15 quite important because its diagonal elements are a measure of the

error variance of the individual optimal state estimates as a function of time. Usually the estimation
error of each state is reduced dramatically during the first part of a Kalman filter run and then,
eventually, a steady state error condition is reached. In the steady state region, the elements of both
the Kalman gain matrix, K e and the covariance matrix, [_’k , become small and ncar-constant.,

2.3 A Quasi-Linear Approach for Nonlinear Systems

Many practical problems for which a Kalman filter approach would be quite useful mvolve ‘
nonlinear plant equations and, or nonlinear measurement equations. In most cases, it would be too ¥
inaccurate to lineanze the equations completely. so some quasi-linear approach must be found, -
Friedland and Bernstein (Ref. 7y and Richman and Friedland (Ref. 8) have suggested one approsinite
quasi-linear technique which will be outlined here: there are also other possible e xtensions of the
Kalman filter to include nonlinearities (see Ref. 3, Ch. 8).

Maintaining the same notation as i Subsection 2.2.2, define a nonhinear sampled data !
plant equation, {

i
. - R + . . BN
X fix ) G ooy (226 l

so that, in general, an (n x Ty vector, f. with elements consisting of nonlinear functions ot the state,
x. replaces the inear vector function, @ x| of Equation 12.21). In simitar fashhon, a nonhnear
observation equation,

h¢x + v

. .)7)

Mo Lot Ko 22

is assutimed . where the (Vs 1) vector, h, has elements consisting of nonlinear functions of x: and h

replaces Hooex 0 of Equation (2,231 The nowse process vectors, uy and v care assumed to have

the same general statisties as those defined in Subsection 2,22,

Consider now a quasi-hnear state transition matrix, - whose elements are delined as,

N

P AR T D 1 B 1I.....n (20N
[ M x| !
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and a quasi-linear observation matrix, H . » having the elements,

ohi(x)
[uk = =l Gj=1,.. 0 (2.29)
=] Jx]

The Kalman filter update equations for the quasi-linear best estimate, .'\k , then become,

X - Lk nonlinear plant update

! = b .p { [ reR CvArianc ate
P ,I P b 2 G eQ (f N covariance 0f~upddu. or
a priori covariance of

state estimate

1

C - p e TN Al
K., Py o H [llk" NI § PO Ek*l] (,u'a.sllmearKalnmn

gain

(2.30)

N Moo KR [ht Ny I] optimal guusn-ln)var

state estimate after

k+1 samples
) y ! : . . p . Ly . " .
Py I L AT £ PR L covariance of optimal

state estimate, or a
posteriory covartance

Note that the quasiinear approximations are used only to caleulate the Kalman gaon matrs and the
various covarinee matrices. Fhe true nenbinear relationships are stll used for defonng the plant
update. s and the theoretical observation vector, b,

2.1 Practical Aspects of Designing and Running a Kalman Filter

RBefore o presentation of the quaselinear Kalman filter algorithm designed tor the Daoppler
VLEF nawvigation task, a few general comments can be made about the practicahties involved momple
menting o Kalman filter N more detaled look at the practical aspects of Kalman Oltering s reserved
for the later chapters on the Doppler VLE navigation Hiter.

2,11 System and Statistical Modelling

Ihe followimyg are some of the practical considerations that have to be confronted when
modelhing for any Kalman flter appheation

0 One must defme the essentad state vanables that are reguired 1o deserntbe the process
adequately . Including additional variables that define obscure second order cffects twith
an assoctated anerease i the number of states bemg estimatedy can actually cause Gl
culties  the computational barden per filter evele could become excesave, and there .
aovery vood chance that Iinear dependencies could oceur amaong certinn ~tate vartables,
resulting i poor state estimation overall
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i) Bias state estimation can be quite important and can be implemented quite readily. Assume
an arbitrary variable, v, of a physicul process has a bias which is to be estimated. A so-called
bias state variable, B, , can be defined: and the corresponding state update equation for B,
would be: B, ,, = B, . with no plant noise assumed. Several such bias state equations
could be included as part of the overall plant equation, and optimal estimation of the
assumed biases would take place.

1) Modelling the statistical characteristics of the various noise processes accurately is essential
for proper operation of any Kalman filter. Even the basic assumption of constant variance,
Zero mean noise processes is suspect at time. For example, a correlated noise process
modelling might be desirable and certainly could be implemented if required. Statistical
modelling of the medsurentent noise processes is fairly straightforward, since one usually
has direct access to the basic measurement errors. However, correct modelling of plant noise
processes can be more of a fine art than a science. It is often difficult to gain access to the
basic error quantities that correspond to the plant noise as defined in the plant equation.,
Sometimes the basic error processes of the physical system, for which statistical information
is known, are modified significantly to get them into the configuration prescribed by
Equation (2.26). The main concern is to arrive at some *ball park” figure for plant noise
variance which in some way reflects the randomness that can be expected in the chosen
mathematical description of the dynamics of the physical process.

iv)  Proper initialization of the Kalman filter is also quite important in order to have accurate
filter estimates as soon as possible after filtering action begins. As already mentioned in
Subsection 2.2.2, to initialize the Kalman filter one must specify an initial state estimate.,
X vand its corresponding a priori covariance matrix. P o P s simply a diagonal matrns
- . . . - . . . . o, . . A .
consisting of the various individual initial state error variances, o~ 0= 1o n. s
not so important that \ be perfectly accurate  what is important is that P correctly
reflects the expecied uncertainty of the individual clements of x . in other words. P
“tells” the filter how much weight to place on the update of the initial state estimate
refative to the incoming measurement imformation. 1f P does not represent the true
situation, then the filter state estimates will not be as aecurate as they could bealso,
the filter might take more time to stabilize to its steads state estimation condition,

V) The Kahman filter configuration s such that it can handle various contingencies ten - dden
changes in the quality of the datay through modifications to Q R coreven ' o taie
advantage of this capability, one must have continuous, real-time knowledge ol the
characteristics of the various sensors mvolved, It may ke o great deal of imeenuny and
forethought to devise appropriate monitoring schemes for the data transducers, However,
the effort would reap dividends by keeping the Kalman filter “optimally tuned” throden
refreshing 1t with the best statistical mformation aviilable at any point m tine.

2.1.2 Numerical Accuracy and Stability

One umportant consideration that must be addressed when inplementing any Kalman £l
moadyntal computeras the numerical accuracy of the computations. Any potential accuracy probilem
hecomes more acute as the number of physical states to he estimated inercases. Basically the souree
aof the difficulty s the requirement to propagate the Pomatrix acourately (via the matrns operations
defimedin Equations (2.25)0r (2,300 as the elements of Podecrease to very small values with tane
Numerical ianalysts have found various wavs to combat the problem by vedetinmg the apdate cania
tions i a numerically more efficient manner. Two possible approaches receivimg o lot of attention
the hterature are sgqiiare root Niltermmg (Refs. 9 to Thand U D factorization (Refs 1210 Ty Thea
partteudar techmigues, compared to the normatd Kdman apdateare equavadent to doablimg the word
length tsed moany given computer  resulting tabh abyviods Mprovement pe numerieal oo ure
The computational effort mvolved mo these more advanced mumerioal technques s somewhae
sreater, but s demonstrated 1o he woll worthowhile e o hich dimension Kadman tilter situation
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Closely associated with the numerical accuracy problem is the basic stability of the Kalman
filter. Under certain circumstances iv has been shown that a Kalman filter can be unstable - the state
estimation errors actually diverge with time. Many times, this instability is associated with ill-
conditioning inherent in the problem and aggravated by the numerical inaccuracy of the ordinary
Kalman update equations. Two solutions to this problem that are commonly used are the following:

1) In the statistical modelling, include a sufficient level of plant noise to ensure that the co-
variance matrix. P, never gets so small that it causes a numerical instability problem (which
would show up as one or more negative eigenvalues in P at some sample time). Sometimes
plant noise is included, even with a very accurate plant update equation, for this very
purpose.

i) Use alternatives to the Kalman update equations, such as square root filtering or U-1)
factorization, which tend to propagate a more accurate P that remains positive definite
(i.c. positive eigenvalues) and, hence, circumvents the stability problem.

3.0 A DOPPLER/VLF KALMAN FILTER NAVIGATOR

Based on the quasi-linear technique described in Section 2.3, a Kalman filter is designed for
optimal blending of Doppler radar. compass heading, and VLI station phase difference information,
with an update rate of once every ten seconds. The primary outputs of the Kalman filter navigator
will be the optimal estimates of aircraft position and velocity. The mathematical modelling is devel-
oped for the navigation equipment presently onboard the NAE Convair 530 rescarch aireraft, with the
hasic navigation parameters sampled and processed using an Interdata 7 32 mmnicomputer onboard.
The digitized data is presently stored on magnetic tape for post flight analysis: but, eventually. it is
intended that the Kalman filter would run in real-time onboard the Convair, using the Interdata ?
computer (see Refs. 1, 2 for computing capabilities onboard the Convair).

3.1 Description of the Basic Navigation Transducers

The following navigation transducers are included in the present design of the Kalman filter
navigator: 4

i Decca Doppler Radar a three-beam Doppler radar measures the three components of
aireraft velocity relative to aircraft-fixed axes. The raw RF beam frequency information
ix sampled every half second. In order to resolve aircraft-fixed velocities into “straight and
level” earth-fixed components (required for navigation), the angular attitudes of the aircraft,
piteh (0 and roll (¢), are also measured. Appendix A gives a complete deseription of the
mathematics involved in converting the beam frequency data into the more typical Doppler
groundspecd (V) ) and drift angle (o) quantities that are required.,

) Sperry C-12 Magnetic Compass a dual compass heading system onboard the Convarr
measures magnetic heading, ¢, which is sampled at a rate of twice per second. The true
heading with respect to geographic north, 3, s then computed as 3 & VAR, where VAR
s the magnetie varation for the given geographical area.

) Global Navigation GNS-200 VLE Receiver this VLE receiver s used m o conpunction with g
Rb frequency standard onboard the Convaur to measure the phase difference between the
transmissions from the various U.S. Navy Communications stations and the Rb clock. These
phase-stable measurements can be directly related to the distances from the aareraft to each
of the VLE stations  the phase measurements for all stations are sampled simultancousiy
every ten seconds. Appendix Bas a table Iisting the essential features of cach of the VLEF
Commumcations stations that can be received by the Convair's GNS 200 umit. For more
detatls about the operation of the GNS 200 and VLE navigation m general. see References
I5and 16,
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3.2 Mathematical Development for the Kalman Filter Navigator

The basic task is to design a mathematical algorithm, suitable for use in a computer, which
blends together the Doppler radar, heading, and VLF information in an optimal fashion, along the
lines of the quasi-linear Kalman filter approach described in Section 2.3. Figure 1 is a very simple
block diagram representation of what the proposed navigator would do. Each of the basic navigation
inputs shown in Figure 1 is assumed to be corrupted with bias errors and noise - the job of the
Doppler/VLF navigator is to compute the best estimates (in the minimum variance sense) of position
and velocity based on this imperfert data. The specifications defining the proposed Doppler/VLF
Kalman filter implementation are categorized as follows:

1) Raw Navigation Parameters -~ the following parameters comprise the set of inputs, either
measured or calculated, that the Kaliman navigation filter will use:

f..’ fh, f\v - RF beam frequencies of the Doppler radar, measured in
hertz (hz).

0,¢ — aircraft pitch and roll attitude respectively, measured in
radians (rad).

Voor —  Doppler-derived groundspeed (from Appendix A) measured
in nautical miles per second (nm/sec: converted from knots).

« -—  Doppler-derived drift angle (from Appendix A) measured
in radians.
Vi —  magnetic heading from C-12 compass, measured in radians

(converted from degrees).

B —  true heading. Y-VAR, in radians.
a+f = true track angle of aricraft, in radians.
d1,i=1,....6 - VLF station phase difference between station i and Rb

clock, a total of six stations assumed, measured in micro-
seconds (u sec: ¢iis actually the time it takes for the VILF
signal to travel from station i to the aireraft; d = ct implies
that one u sec is equivalent to a distance of 0.162 nm).

i)  Biases Assumed - for modelling purposes, the following biases are assumed (o exist in the
navigation parameters:

B - bias in groundspeed, V|, p (nm/sec), assumed to originate
with the biases in f,, f),, f. and possibly 0, ¢.

B - bias in drift angle, a (rad), assumed to originate with biases
inf,.f,, . and possibly 0, ¢.

B, - bias in true heading, § (rad); a combination of any bias in !
measurement of Y plus a possible bias in the specification '
of variation, VAR,

B, the combination B + B, i.c. bias in true track, a + g (rad).

i=1,....,6 ~- bias in the phase difference measurement of station i (y sec).




i)

(iv)

(v)

Notse Processes Assumed
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the measured and computed parameters are assumed to have

the following zero mean, constant variance noise processes:

u v

u

[

Doppler Note: the Doppler biases and noise processes could have been defined in terms of
the beam frequencies (re. . £, 1) and possible biases plus random noise in their measure-
ment: however, it was felt that this procedure would be unduly complicated. Computer
simulation has demonstrated that the simpler error modelling defined above is perfectly
adequate for the types of aircraft trajectory expected (1.e. mostly near-constant velocity
straight line or, possibly, shallow curved tracks).

Digital Sampling Rates -~ there are two basic rates of sampling the incommg navigation
data: every half second on the Doppler;/heading data and every ten seconds on the VILE
phase difference information.

Process and State Variables Chosen — the physical process assumed for the quasi-linear
Kalman filter is the Doppler equation for updating geographical position every ten seconds
hased on integrating Doppler velocity components over that period of time. A vector set of
ten discrete state variables, x, is defined as follows:

PLAT = xl
PLONG = x2
By = X3
B = x4
H:‘l = xH
B, G
B X7
Hﬁ4 X8
B x9
B 1o

random noise in the measurement of Vm) [ with varnuance

A Al Al
0\‘ “(nm-/sec ).

random noise in the measurement of . with variance

a‘l" (rad- ).

random noisce in the measurement of 3, with variance
A A
o~ (rad-).

combination of noise processes, . +u | with variance

(th S Il + (}‘;3 (rad- ).
random noise 1 the measurement of ¢, with variance ;:
1)1"13 (u sm'z ).

4

geographical latitude of atrcraft (deg).
geographical longitude of aircraft (deg).
bias in Doppler groundspeed (nm seed,

bias in true track (rad).

bias in measurement of station 1 phase (g sec),

bias in measurement of station 2 phase (g secy,

bias in measurement of station 3 phase (g sce

bias in measurement of station | phase (g seoy,

hias i measurement of station H phase (p ~ec

bids i measurement of station 6 phase (g see
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State Equations of the Dynamic Process = recall that the discrete form of the dynami
process is the vector difference equation,

X

Xpop = Ixp) + Gposug 1310

According to the state variables and process chosen, the elements of  will be as follows
(see Appendix ¢ for more details):

fl(x, ) = pLaT, ¢+ (AL - A3 B ] osms )

+ (a2, - a1 oBe ] - ocon, )

i

i+ [A1 - a3 ox3,] - st

+

A2 - A1+ x3 + cos(xd, )
k k K N

[A1, - A3, - By,

f2(x, ) = PLONG, - —————— —_ - cos(B )
cos[PLAT, + 7150}
[a4, - By, - A2,]
- - . sin(Bm W)
cos[PLAT, * 7/180]
(33.2)
[A1, - A e x3]
T X2 - e e Cos(N )
Cos l:.\;lL - /T;’ISO]
[;\1k - x3, ..\zk]
- - g . sin(xtlk)
('os[}\lk R IHU}
firx ) H\ . x.‘ik
H(.\L_) H..k xlk

[ TR T HU{.\'\) H‘ PR “‘r.l_ \.")‘ ..... \]()L
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where
t, +10
1
.-\lk T I} \'I)m, « sin(a + Pidt
60 1
N
. t, +10
A2 o I Viop @ costa + Bidt
() L
Iy
(3.0
. t, +10
A3 - . | sinta + 3)dt
M60 . g
N
1 ll»\ + 10
AL - / costa + 2dt
A 60 { o
L

The integrations required in Equation (3.3) are computed digitally using trapezoidal inte-
gration (Ref. 17) on the 20 samples of Doppler-heading data that oceur in each ten second
update interval.

Plant Noise Processes -+ Appendix C shows the details of how plant notse can he modelled
as a function of the original Doppler noise processes uou cand u L The resultis the two
clement vector,

where

N
Ui

(5 Thy

ut ! tu +u dt

The nose processes, utooand ut D are assumed 1o be zero mean, constant varance random

\

| ] )
nose with variances oty = and o' - respectively onec agaim, the integrations are aceom

plished digitally via trapezoidal integration. The auto-covanance matriy assoctated with u

Q, adentified as the 2 2y matniy,




Also, from Appendix C (i.e. Equation (C15)). the G matrix s shown to be the (10 £ 2)

matrix,
r— —
A6, A,
A8, AT,
0 0
G, = (3.6
0 0 _,
where
- 1 v - N
G oo Y e Byg) osinta g B
60
Il\+;
\b : B
A6 s ocos{a g )
b 60 ok
\'k N
~ 1\““|, H\kb ° ('().\'((\‘*;5 - l;\.,k) (3.7
AT -
60 - cos [l’lu\'l'k s 18()]
| .k L
sma + g B
AR
60 . r()s[l’l,.\'l'k coT lb()] \
I
bres
Vi Ob~ervation FEquations  recall that the diserete version of the measurement process has tha
form.,
v, l‘(\.' R L)
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In this case, the measurement vector, v . will consist of the six VLEF phase difference
readings:
|
V -l) it .y
[ulL X gmk] 5.0
The six elements of h are identified as follows:
hlex ) dpUPLAT  PLONG ) + B dolinl a2y v ah,
9 42 AT P G 520N : ;
h2ex ) de2(PLAT,  PLONG )y + B do2is1, 8200 4 86,
) ) (5100
heex ) dePLAT O PLONG ) + B doBis1 oa2 o+ 810
where dgii= 1000, 6 represents the theoretical phase difference tmeasured m g sce) for

station 1 at the geographical location (PLAT. PLONG). The relationship expressed by de
1s not explicit  rather. it is embodied v a computer algorithm known as the Sodano imverse
routine (Refs, 13, 19 which must be included as part of the Kalman Hilter algonthm,

X} Observation Noise Processes  the measurement noise is modelled as the sixcelement vector,

1
A [",u"_:}-. “ﬂ»k] ARY

having an associated (6 X 6) auto-covariance matrix,

o° o 0 0 - 0
0 0° , .
Rk R (3,12
0 0 TR |




19 -

(X)) Quasi-Linear state Transition Matrix, f[) - recall, from Equation (2.28), that the elements

i of & will be defined as,
|
{ ofi(x)
‘ [an] = Di=1.0...,100§=1,....10 (3.13)
AN
8} IX]

i
! AN AN N

From the definition of the fi’s given in Equation (3.2), & can be identified as the

; (10 X 10) matrix,
6’ B .
i 1 0 of1jox3,  oftjoxd, 0 -+ 0
]
} af2/ax1, 1 of2/0x3,  of2goxt, 0 - - -0
]
0 0 1 0 . 0
0 0 0 1 0 . . 0
¢ -
RN
; = . . . . . . . (3.1.1
i
. . N . 1 U
) 0 1
L .
where
d{1 (9,\'2%1\ _\J%k ST BN 1k ) A l‘. s eosix lk )
ofl. ox 1k l.\lk .\.'%k . .\'LSL ) » coslxlk ) - lA\‘_)‘k - A«lk . x:ik boeosiny x»lkl
«')l';”IJ.\lk [(.\1k = AR N3 cos(xd, )+ (A1 - X3, - .r\‘lk) s sinexd l}
i sinl.\'l‘\ L B.103
. BRRY
180 - ms‘(xlk 7180
. . i 1
0!‘231).\'.’3k [A\:ik . vnsl,\vlk VoA lk . .s'm(.\'lk )] :
(-us(xlk i 1R0)
aF2 hix I [1.\lk A N smExd ) 1.-\‘1k . "3A SAZ ) cosix i]

{

('m‘(\lL s 7 /180)

with AL - A already defined in Equation (3.5,
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xi)  Quasi-Linear Observation Matrix, H| - based on Equation (2.29), the elements of H will
be defined as

dhi(x)
H = - -1, 60)=1,....10 316
[7 k] ixj ) (3.16)

H

From the definition of the hi's given in Equations (3.10). H L van be identified as the
(6 X 10) matrix, ’

[

()d(,f)l/a.\'.lk dd¢ljoxz, 0 ¢ 1 ¢ - - O

s i g e < it g o

mmzmnk dd¢2/0x2,. 0 0 0 1 0 - O

l,lk = (3.17)

Ud(ﬁ)(i/f’xlk ("d(,‘)(i/(')xzk o - -« « = 0 1
_ .

Appendix D shows details of the explicit computation of partial derivatives odgi i’xlk .
()d(,’)i/i’x‘zk; 1=1.....6 based on output information from the Sodano verse routine,

xii) Detailed Block Diagram Representation  the complete mathematical development for the
proposed Kalman filter navigator has been outlined in this section. Figure 2 shows a de-
tailed block diagram representation of the Doppler/ VLE Kalman filter navigation scheme
indicating the individual inputs and outputs  essentially an expansion of Figure 1. The
following points summarize the main operating features of this proposed hybrid navigation
algorithm:

) Doppler radar and compass heading information are used by the Kalman Hilter to
define the hasie plant process (i.e. to resolve and integrate Doppler velocity compo-
nents in order to get position updates).

<

b VLEF station phase difference information becomes the so-called measurement. or
observation, process.

¢y Al the available data is used to compute optimum estimates of position every ten
seconds, plus caleulate the various Doppler:heading and VLI biases.

) The estinates of hnas in Doppler groundspeed (B and true track angle 1B ) can be

used to correct 'V and ot pan order to arrive at improved veloeity estimates,

" bop
VELAT and VEONG.

er The estimates of biasan VILEF phase tB - 4 ean be used to correct the raw VLI phase

measurements (on), resultimg i improved VLEF phase data, oy 100006,
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f)  If either the Doppler/heading or VLE subsystems become inoperative during the
navigation task, the bias errors will have been updated by the Kalman filter to that
point in time. This should mean more accurate navigation in the degraded mode
compared to no estimation of biases in the system.

4.0 SIMULATION EXPERIMENTS WITH THE DOPPLER/VLF KALMAN FILTER

The important features of a computer program used to simulate operation of the Kalman
navigation filter are given in Section -1.1. Other sections in this chapter are devoted to dentufying,
through various simulation experiments, the rather unique characteristics of the proposed Kalman
filter design.

1.1 Details Concerning the Simulation Algorithm

A computer program for simulating the running of the Doppler' VLEF Kalman filter in real
time has been designed and written in the FORTRAN 1V programming language for the 1BM 3032
TSS operating environment. Figure 3 is a block diagram representation of the simulator and Figure 1
shows the associated computer program flowchart. Some of the pertinent features of this particular
simulation routine are the following:

Simulated motion of the aireraft is cither a straight-line trajectory with constant veloeity,
or a vircular track with constant tangential velocity: velocity and track specified by the
user.

The Doppler navigation simulator outputs groundspeed. heading. and dnft angle rather
than the more fundamental Doppler beam frequency data - it has been verified that the
simpler approach used is sufficiently accurate for simulating the Doppler radar system.

Any level of bias and/or random noise can be simulated for the Doppler groundspeed.
heading, drift angle, and VLF station phase difference measurements.

The VLF simulator uses a version of the Sodano inverse routine to compute the theoretical
microsecond phase readings for the different VLF stations.

A variable number of VLF stations can be simulated: up to a maximum number of six.

A plotting routine has been developed to display the results from any Kalman filter simu-
lation run. This routine allows a great deal of flexibility with respect to plotting interval,
scaling, and desired information (i.e. Lat/Long position estimation errors. Doppler ‘heading
bias estimation errors, VLF bias estimation errors, or any combination).

The simulation routine also prints out the Kalman filter state estimates and the P&, Gy

K matrices every ten seconds, mainly for debugging purposes.

A modified version of the simulation routine permits the use of real navigation data stored
on magnetic tape, with the further option of being able to modify the data to simulate

desired data conditions.

The modified routine also has options for various VLF contingency checks (to be deseribed
in Section 4.5).

1.2 Transient and Steady State Nature of the Kalman Filter

One of the first characteristics of the Doppler/VLEF Kalman filter to he studied m some
detail via stimulation was the speed-of response, or transient nature, of the filter as a function of the
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specified initial conditions. Of particular interest was the nature of the bias estimation response as the
diagonal clements of the initial state estimate covariance matrix, P, were varied in size. For this
study, a straight-line, constant velocity trajectory was simulated for the aireraft motion-details of the
simulated navigation conditions are summarized in Table 1.1. Note that large bias errors were simu-
lated for every quantity of interest (i.e. groundspeed, true track angle, and six VLEF station phase
differences) in order to resolve the transient response of the bias estimates accurately.

TABLE 4.1

SIMULATED NAVIGATION CONDITIONS

True start position (Lat/Long) - 45.0/75.0 deg
Error in start position - - 0.001/0.001 deg
True groundspeed (V, ) - 250.0 knots
Bias in measurement of VI)() p 10.0 knots
True track (o + 3) - 15.0 deg

Bias in measurement of o + 10.0 deg

VLF stations - O G M A D W

VLF measurement biases --  10.0 10.0 10.0 10.0 10.0 10.0 M osec

. . . 3 }
Noise variance for \ bor 9y 1.0 knot-
. . A - By
Noise variance for a: o7 0.25 deg-
. . M . \
Noise variance for 8: 0= - 0.25 deg-

*

(P : N . A o N N

Noise variances for VLF stations: A 1.....6) 1.0 g seesall

Recall that, in order to initialize the Kalman filter, it 1s necessary to specify a starting
estimate of the state, .Q“, and the corresponding covariance matrix of that estimate, ' . For this

particular simulation study, the initial position estimates had an error of 0,001 deg in cach of Lititude
and longitude while all the initial estimates of bias were set to zero. Sets of variances for the imtial
estimates of all the states were grouped into one of three categories: small, mediv g, or large. These
initial conditions for the transient response study are all summarized in Table 1.2,

Figures 5 1o 7 show the set of Kalman filter state estimate errors as @ function of time for
the three different imtial error variance categories. A careful look at these plots reveals that the speed
of-response (in terms of decreasing the initial state errors) increases as the mmtial error vanance levels
increase (from small, to medium, to largey. Conversely one could say that the effective damping of
the filter increases as the initial error variances decrease in size. For the particular imal error vari
ances chosen, one almost has a situation akin to an overdamped (initial bias variances 0.1y, orin
cally damped (initial bias variances - 5.0), or underdamped (initial bias varniances  1TO0.0) response.
Of course, the initial error variances should be chosen on the basis of a prion mformation avaldable
concerning possible errors in the inttial state estimates. The foregomg analvsis simply demonstrates
how the transient response of the filter will be affected by the mitial ervor covanances that are used




TABLE 1.2

KALMAN FILTER INITIAL CONDITIONS FOR TRANSIENT RESPONSE STUDY

Position: IA’I.A\'I"_»‘IA’IA()‘\'(;” 15001 75000 deg
Buis m Doppler groundspeed: l}\ . O knot

Bias v true track: lA%m . 0.0 dey

Biases in VLEF phase measurements: B U S T I Y 0.0 g ~ecsall

Nowse variance levels  Lame as Table 01

Error covanance matns P

Small Medium Large
Vanance of PLAT - P (1.1 0.00001 0.001 1.0 deg”
Varianee of l"l,()x(;‘; P22 ).00001 0.001 1.0 deg”
Varanee of I.i\ b 0.1 5.0 100 0 knee
Varinee of B P 1D 01 50 1000 g
Vartnee of lAi { (LY
S TR TIY 0] Ho FOO O g~

The resdts depreted i Frgares O to 7 ik e sen~eomtatiinels Csimee o bee et tho
spectiy e aovery small itad error viananc e corresponds to telhing the Koo Doy toos e e aoene s
deal of emphasis on the mitad state estimate and e apdate s onpaared to o whnas o noroato.
o ing cneastrensent data eht be bronge Thus oot alar s e et By e siow o e
to the farce mdad ervars of the baas cstimates O the other hanets o darce it crror Variane o sjie
Froation ampites that very Dittle wesht Shauld be pat on the ontial estinute compared oot e
rement data The Tlter then reacts el v on the D of the imcomime datas to vedrae the e
initial position or b error.

Necording to Frgures O to 70w steady state sitnation s eventusdiy reacbied o s the
variots error quantities stababhze atrelatively small vadues aorvpcal response Tor a Kabfma Filtes
sually during the courae of any Kalman Tilter run, there ssaromital transent region of reratine:s
higher ~tate estimation crrors as the fdter attempts to adapt to the mcorainge data con the Tara- ol the
as~umed modet and matiad conditionse I time s the adaptation paase o oanpleted Csteady ~tate
condition then proevinds. correspondmg to nvnman error i the state estimites Stadyving the matrs o
Poand K- functnons of time can also beomstructive when it comes to under<tandime the operation of

a labman filter Figure . S to 10 <show - KK Poand 1 as fune ttons of time for cach of e stall,
medim . and Large P cases adready cied cthe matais norm. o s defined as the square root of the

iy of the squares of the dinconal clenwents) The transient response nature of these quantitee . follows
the same pattern as dud the ate estimates for the siome categories ol P [ e RWalman gaan matrin, |
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reaches asmall, steady state value (as measured by # K K V) indicating that the plant update proces-
has become quite aceurate after all the bases have been estimated properly. Furthermore, the co-

varunee nuatrix, P ooalso reaches a low level in the steady state, implylig gt the state estimate error

vartanees have become quate small as the filter adapts to the incoming data (i.e. the aceuracy of state
estimation has improved with time).

1.3 Bias Estimation and Linear Dependency Problems

It became obvious very early i the analysis of the Doppler VEE Kalman filter that the

brsesm V[ and oo v poBoand B respectively, could be estimated quickly and aceurately . with

no noticeable imteraction between the two Doppler heading bigses being estimated. Figares H 1o 7

~how this situation quite dramatically  steady state errors o the estimates of By oand B are ~eeq +
to be quite small, and the steady state error condition for them is reached sooner than for the VL
bias estimates of the same run. s
¥
H
Another phenomenon that was observed was an apparent lincar dependeney relationstap ¥
among the vartous VLE bias estimates under cortain conditions, For example, the Kadman Lilter runs ’
depreted i Figures 5 to 7 e again be eitod, Figures 5 and 6 show situations where the VVLE phise i

bl estimation seems to be proceeding as expected  amonotonically decreasing phase hias ¢<tita
tion error for cach of the six VLE stations as more and more data s processed by the Dilter o cever
Fienre 70 correspondimg 1o the underdampe:d fast transient response case. mdicates @ very difforen:
sttuation for VLE phase bias estimation. There is an inttial, rapid improvement in VLEF bhus extima
tion for the time range 0 to 700 see as expected: then, suddenly, Dias errors actually merease e
out ol siv of the stations during the time range 700 1o 1800 sec t1.e. only VLEF staton A bebos s as
expectedy FEaventually s beyond 1800 sec. the VLF bigs estimation errors deercase 1o aceeptals o nali
fevels. Note that estimation of the hiases in Voo and a4 s completely divoreed from this et

: ‘ -

whereas the position ervor, especially longitude error. is obviously strongly correlated toat.

In order to verntly the supgested hypothesis of himear dependeney among VEE phise hias )
estumates another Kalman filter run was exeeuted with all conditions the same as for the previous 1

anderdamped. Gst transient response case of Figure 7 e, Targe P Table 120 excent that no Vil
Briises were simufated mothe measurement of VLE phase differences, The concern was that the effecy
beme observed nght simpdy e the result of having large mitad diserepancies i the VLT bias esn
mates which <omehow ehicited this particular vesponse The results are shown in the plots of

Frcure T comparisons with Figure 7 show that the VLE Dias error respe nses of the two rans are
virbuadly wdennical, apart from the first H00 sec or so. This would appear to remforee the clam that
there s some mberent hinear relationship wnong the set of VLE stations chosen that causes the
sudden mercase m VEE bias errors when the Ofter damping s low.

The conjecture wis also made that the observed mteractnion amone VLE bias errors nnghit
bea function of geographical focation  henceo it might be assoctated with the geometneal relathon
~hip between the VIE stations and the areraft's posiion. Jo test out this theory, another Kalman
Diter run was made with all conditions the sune as for the Frgare 7 run exeept that the starting peoimt
was i the middle of the Davis Strait tee, 70N 60 Woimstead of the Ottawa location (e, 10 N,

TH Wi The results of this expernnent are <hown in the plots of Figure 120 and demonstrate visthy
different VLE bias error and position error responses compared 1o the siame results for the Ottawa
location run. shown in Figure 7. Furthermore, plotsof - K05 and P as functions of tine for

the Davis St ran Csee Figo T3y reveal sigmilieant dfferences when compared 1o the correspondimg
ptot-Tor the Ottawa run tsee Fie 100 These observed differences would then appear 1o be caased by
a change momteraction among VEE bias estimates resuitimg from the cgmificant shaift m operatig
location,

In order to compare the geometries of the VLE stitions for the two different operating
locations bemg conadered o FORTRAN procrion was written which plots aomap of a hemisphere
centred at any specihied geopraphical position, The projection used s azimuthal eqaal area
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(1e. Lambert) projection, which allows aceurate measurement of bearings and angles on the map. Fhis
type of map is quite useful for observing the geographical locations of the VLEF stations relative to the
operating position assumed for the aireraft. A linear dependency among certain VLEF station buas ostr-
mates will probably oceur if two or more VLF stations are almost in-line with the operating position.
In such a case it would be very difficult for the Kalman filter to resolve the individual VLE station
bias estimates accurately  a typical filter response would be large, correlated fluctuations m the b
errors for the VLE stations involved in the linear relationship.

Figures 11 und 15 show map projections centred at the Ottawa location and Davis Stran
location respectively  the position of each of the six VLF stations is also indicated. A study of thie
projection centred at Ottawa (Fig. 1.1) reveals that VLF stations W, D, and M are roughly in-hiee with
the Ottawu area operating location. Another fook at the VLF phase bias error responses for the
Ottawa arca start location (ie. Figs. 7 and 11) shows that the bias error responses of those thro
stations, in particudar, correlate strongly during the “large amplitude” region from 700 (o 1RO0 <o, A
sertes of Kalman filter experiments involving that same VLE geometry, where cach VLF station
turn is programmed for no bias estimation (by setting the chosen VLEF station™s P Celement vidue e

cero).venfies that there s i consistently strong correlation among the bias error responses of ~tat o
W, Doand M. The projection centred m the Davis Strait area (Fig, 13 on the other hond . demen
trates a VLE geometry vastly different to that of the Ottawa projection, The Davis Sttt progec te e
reveals pairwise VLEF station combmations that are nearky in-hine with the projection coentre A G
DO and AN (1o alesser extent)h A closce look at the VLEF bras orror responises o o boon 1o
ndicates defintte parwise correlations for cach of the three station pairs cited above Mooy
further experimentation corrobarates the existence of this set of caorrelations among N F G 1o
the Davis Strait position.

Thorough imvestization of the VLEF hincar dependeney problem, ander vare, e
has demonstroted that, m peneral, 1t possible to estimate four out of i barge VL F Uoaec s o
and aceurately without exaiting the kind of tnear dependeney imteraction that resuts -l
position cerror for a long period of tme. For esample, o Kadimion fdter experiment was rus e wto
all conditions were as desertbed m Tables 11 and 1.2 (el the tlaree” Pooocaser, exneept o AL

stations X and D were simulated having no bias anstead of 1O g see cachy and the corre e B

element values for A and D were set at (0] u e cuch (e, ssmad msread o large ) Toe net et

on the operation of the Kalman flter was to weight heavdy the acewrate mitid condimon oot oo
concernimg the possible nases i .\ and D owhile deswerghting the maceurate mtiad corditne
tion concerning biases in the other four VILEF stations (e, note that the mnat il bios o<Uinmate « of o
VLEF stations are set to zero). Figure 16 shows the plots of Cae error outputs for this prartnoalar ran

It can be seen quite clearly how well the four Targe VLEF hiases are estimated while, at the saane e

et

the bras estimates for A and D remaim close to zeroas they should (note ow much more < et
the scalinz s for the bias error plots of A and D).

1.1 Handling VLF Bias Drifting

One typical source of error m VLE measurements s caused by a phase shaft m one or mor
station phase difference signals that has nothimg to do with the true motion of the reradt The e
of this phase shifting can by Tairly constant in time and a common catse s the so-called diarnal <ha
tsee Refo 15y as a result of the day-night terminator crossing o particular VLEF <Gtion s transimssiomn
path. These diurnal shafts can have rates as high as 20 4 sec per hour and can last for ouple of hoars
Furthermore various otherwonospherie disturbinecs can cause phase shifts of @ more random nature,
It then becomes important to find out whether or not the Doppler VLEF Kalman flter 1= confgured
to handle vach VLEF phase shifts.

In order to deal with the assumpnion of a drifting VLE station m the contest ol the Kalman
filter, the concept of a VLEF bas whose value could shift m time was considered. Duferent methods
of trackimg this time-variable bias were then tested, For example, Tables 1.3 and 1.4 outhine the
stmulated navigation conditions and the Kalman Niter nutial conditions, respectively, for one serie
of experiments that were used to test out various wavs of handling the driftmg VLEF <tation situst ion
Two VLEF stations, G oand M, were simuluted 1o he drifting stnultancous)y at the rather hgh rates
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of 36 u sec/hour and 72 y sec/hour respectively. The other four VLE stations were simulated to have
only very small, fixed biases of 0.1 u sec each. Both VLF station drifts started halfway through the
Kalman filter run, at the 2500 sec point. Figure 17 shows the Kalman filter output error plots for this
situation, with no use being made of any a priori information about the drifting VLF stations. The
detrimental effect on all VLE bias estimates, as well as on basic position accuracy, is quite evident
once the bias drifting starts.

TABLE 1.3

SIMULATED NAVIGATION CONDITIONS
FOR A DRIFTING VLF STATION EXPERIMENT

True start position ( Lat, Long) 15.0 7H5.0 deg
Error in start position 0.001 0001 deg
True groundspeed (V140 250.0 knots
Bias i measurement of \"IH) p 10.0 knots
I'rue track ta + ) 150 dep

Buas in measurement of a + g 10,0 dey

VEE statwons O ) M AY B W

VEF measurement brases 0.1 01 01 01 ol 01 JTNE

VLE drift rates 360 720 dosee boun

starting at t 2H040 s

N Variine e 0 TOKknot .o 025 dey

47. ”',1.’)[]111“ rl. i () i~ v_.l|||

fveneral it was fToundd trom the ~<amalation expermments that aodrft i one or nore o e
A LE Bises o ot somenow aceounted Torowould cause the other N E B estomates toar s s,
from ther trae valoes Invarablyv s ths sonld cause the AT LONG position ervors to e a0
asthe VEF Bnas didtig contimued . Ancmtustive explanation for this phenomenots wils now te ottt
I the Kalman flter experiment pust deseribed cresalts e Fue 1O the Bilter tet roms Bon 25000 0
with no VELE buas drfts ocourrmg. Byt 2000 e all VEE Biases are estimated aoorateiv o Lo
to ther truevaluces of O 1 g o<ec eichn . so the associted Pomad PNt posteriort covarian el ros

Auigonal clements will all be guite small o other swords. by compuitinge very sonall bias crror cat e
the Kalman NOilter srself considers afl VLE Dhiras estinutes to be qpate aconyats ottt o i\
20000 w the bnase s m VEF stattons Geoand M oo tordreft at the specitied vt A ST E Ea

m Goand mercise, the errors i the Kalmoan flter estmiates of these Tnases s e e e 0 oy
ey Howeser, hecause the varances of ol VEEF brs s timates are quate siaali oo tee b o e
VIELE tations Goand Moare geco pted by the Kadman flter s aconrate estineates for oo v oy
Gotts Phese errors buakd apand eventualls cause the other VL E D vstimate o e o oo
due to the binear relation=hip existimg aoanone VL tation brases OF course o T o oo
arovnd the plant update cguation for VL E bras statescwhich s not correctwrer b e o0

e ars
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TABLE 4.4

KALMAN FILTER INITIAL CONDITIONS
FOR DRIFTING VLF STATION EXPERIMENT

Position: PLAT, /PLONG, — 15.001/75.001 deg

Bias in Doppler groundspeed: Bv 0 0.0 knot

Bias in true track: fiu so 0.0 deg

Biases in VLF phase measurements: I:Sm“ (i=1,....6)" 0.0 g secially

Noise variance levels - Same as Table 1.3

Error covariance matrix, P -
Variance of l"l,.-\'l'“: P (10 1.0 deg”
Variance of IA’l,()N(‘.” P22y 1.0 dog-
Variance of l:l\ NI R i 100.0 kno”
Varinee of B0 P (4 10U ey’
Varanees of B0 P (550 <P (10.10) 01 gsedall

In order to compensate for VLE bas dnfting, without changimg the plint update modelhng,
it became obvious that the appropriate Pomatrix diagonal elements would have 1o he adjosied during

the drift period i order to counter this tendency of error buitld-ups i the kalman Olter Two metnoa
of Pomatny adjpustment were attempted:

1) Reset the appropriate VLE ias error covarance levels to farge values i the hegimminng ol
the b doft period i order to “tell” the Kalman Glter that these particular Drs estimat
would become maceurate, but let I propagate normally atter thas This technpgque proved

to be unsuceesstul i reducing the effects of bios ditt Unfortiatels adter ondy o iew

tterations of the Kalman update cquations, the antially g large VEEF Boas convarance el

were once aean at soudl vidues Smee the baase s were <l drttaee o that oot sierhioan
crrors i both VEE bias estimation and po<sition estunation then oo arred

I Mantam the appropriate VLEF aas error covanances i the omatros at hoeh valoes dhroeon

ot e entre dreift e riod s forces the covarianoe elements of interest to renain b th
<ame hagh devel from ome teration to the nest Such a procedure was tonnd to compenate
tor the b= dnfre rather swell Because the particadar VT E b covaranees were hept Drved
At larve values, the offects of the bnas drithng were not transintted to the ather VT E v

estmtes, oY toorhe posation eotomates N oo as the b dridhinge stopped . the ot

s allowed to propagate normally agame The ontpat crror plots of Frrare I are o
cvample of this procedore bemg apphied saccesstully b thos case s all the conditons are
identical to those of the Kalman flter ran shownoan Fygare 17 cand previousty deseribeed




9% -

[N

except that P66y and P
fined at 100 g sec? cach for t - 2500 sec. Asaresull, no appreciahle error shows apan th

1o corresponding to hiases i VEEF stations Goand Moare iow

estimation of the other VLEF hidses, and the position estimates remain aecuriate Farther
more. the drftng biases of VLE stations Goand Moare aetually estimated quite welb ot
average  the rather hgh nose levels e these estimates result from a Lack of sy stooitban.
effect for bus estimation when the Poelements are set so high aovabue Netaaliy . e o

levels on the drfting bias estimates correspond to the vananice specifications tor the s
lated VEF staion notse processes (1 es F O g sec ) Note that the siccees of i approa:
relies entirely on knowing when any particutar VLE <tation s kel to b daptime . wn
i~ cortanly feasible for the drarnad dnft caseom particular

Anather modifieation within the Kb Plter o b ased o climntate any aefverc ot
from drfime VEF buses namely s chanee the appropriate ciements ot the Boontres oo ordine
Rocadlb ot the B s ddecates to the Rabman Dlter . acapprosamate sttt o the vargo o b

Lo tonse o esse~ the reia e swesenit e that shaondd ne placedb e cacdbr ot e o o VL
S tTorennos measurene it s By st any paectioscar B s cb et i

ot ceovdie e oo vartaaly climinate Tae e o b e o i VR Star o < o e

Coey Nt - TR ST N R R IO N B IR S T DU FRTR RTINS NURREIY N AN Teoob
o b T o et B 2y ana oo I O O e T T S N B Y I SR AP R
Cetalons beoend M teeeny resc e oot e oo RAR LR Ioo e e
CaET st o T s T oot o G e N rean e R Lo o Tar e e
et N oresntcthedeittn s VR reaee s e s s e e T st ter NV e
Seac T ol s oot N gy e vrrer s dron, oo Y= b b
ol are s b apart Trome the N G e ot U N T e o e e T

et e wo plots T e bt e cotaer e I ot Bt e Tt g

e ot Tale estirabtes Tboe bt re o e sa Tt e 0y Y N T T 1 FURNN TR ENUS
tration Tesporiee s ot the drnttmes VL ot G e A D Mot ae oot b I e
for racckans of the o VEE Gt e tnend b e B e e e

P Pootbee N LR e Tt errar ton Gooand N o rapad e o dietr s i L

G o o b o e chiy e ey e b s e s

[ T e R N R LR S o

Araconal clement aray b s io e e G iond MEN T E pocasc it s ey e st ed ont Cobae
b r VLR b catimation o attemp e bor Tre fngee - o G annd N besv oo PHU e e I

oatre rganen b rbyor: proacoedb e shronbdb Gron e s o anddered o T U e Ol St o W e T b o T s
R e e o o b beor ity v o e paogn D ol fo - o st That teey e e T e

catiredy fronn the Walneon tdter <ot

1.5 Contmgeney Planming tor VILLE
Foob VEE Data Management Problems

Pt oot NVE st e VDR e o T e g e
Tt vy Dvah sy probdeie are conc ot Feod b s it e e b e T et e e S o e T v
NMEE gaondeas e faeriy coinpn b e o e G i G e o T e e

Voot e Y

o Froo oo b rarabn e o s b VLR b e e s e

1
RTE CIRINEN
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A VLE station transnission may deteriorate in qualdity, even to the poimt of a ‘toss of-sipnal’
status in the aircraft VLE receiver for a4 certamn period of time, Eventually, the VEEF signal
will be re-acquired with either

a)  anmeorreet phase reading, or

by the correct phase displaced by an integer multiple of wavelengths from what 1t should
be tknown as lane jumping),

In order to make effective use of the VEEF dataom the contest of o Kalman nas igation Dilter.

{Us mperative that some sort of contingency plannmyg be determined for detecting and hundling e h
of the VLE problems just deseribed. To this end, consider the followmge five VLY scenarios” with

stgeested solutions:

1y

Change in VLEF noise character - af one or more VLE stations are detected to e
meredased, or decreased . ther phase measurement nosse Tevels durimg fhaht, rough estinates

)

o the new noise variinee levels can replace the mitial values i the appropriate £t

diazonal locations: A method of esttmating VLEF measurement noise varsoces i Fhicht w
be desertbed sub-equently.

Staf e VEE piiee il aharnad <haft cor VEF onas chiange Yoy any otber resonn
dherected s tae approprce Pomains dhagonad element can e Nived gt ac bkivce vidae s il s
R IR IVVIINTY the tine varving VEE brs can then be tracked aocurately by the Kadman

Piltey When tnat paoticudar bras stopsdrfune. the modiled Pomatns cdeniens can e

allossed b propagate normadly agan A method for distinsrashme betwess aoebdea VT

Dros =ttt and o VEF nose process inerease will e suscested towards thee cnd o s cnaple
Lossof VEF vonad P a VLE stiion expertences a foss-of el sitiat.on, tie associated
Bty diagonad clement shiauld Beomerewsed toa very Jarpe values swobas 100 oy
to chimmnate that ~tatton from the Kalman filver soluton, Indeaiion ol o station down
stadis s transnotoed to the Kalman filter aleorthm by way of o VT flae for cac iy station
0 station dowa T station up) that s mberent to the dicicd processie ot the VL

harse data

Hednguisition of VEE simad i a VLE ctation comes back on hne atter nems dosso, e
tollowme must bhe done before using that ~station awnn in the Kalhman fNlter

check nommal nosse Tevel of the station by measuring its approximate nose varies
cheek VLEF phise measurements from tha! ~tation for <hafts and wavelength pamypes

reset the appropriate VL Mg when e ssoverified that the <tation - permanent v bk

o e

When oo VEF station™s phase measurement data s to e broveht Dack mto the Wadnn tioer
solution, the approprinte Boand Pomatns diagonal edements must be reset accordimely

Fhe VEEF norevarinee level check wall vield aonew value for the Romatrns caconad

clement, and the wanvelenoth checek will ~sort out any gross baas crror dae 1o Lo campany
Ihe waveiength check s automatically taken care of m the present dital processing of
VEE onboard the Conviar. When the VEEF station s fially vsed s the tlter aeain, the
mital estimate of ats bias should be zero. However, the correspondime nntial VLEF Lo
crror variance should he Targe to reflect a feelhng that there just maght be somme bias not
accounted foran the phase measurements. Hopefully . thens the Kadman Dilter aall responid
quckty to estimate any nonzero bias that stlb exast<n the station connng back up. even
after VEE duyntal processing
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0 Complete toss of VLEF signals  mosuch g case, atl B matrix diagonal elements must ben

ereased to vatues like 10° during the VLEF outage: the Kalman filter is then navigating on
Doppier heading mtormation only . Asstining no aceurate position reference exists at the
tme of VEEF restart, such a situation would catise the most severe start-up probiems. {1 all
the VLE stations are down for only a short period of time (say ten minutes oy fess).
Doppler heading navigation can be constidered to be quite aceurate espeaadly withithe
Doppler heading biases well estimated from the Kalman fiter, When the VEEF <tations are
recquired, the check procedures outhined i by can be tolowed to nall out any oros- VILE
Pases and to establish new VLE notsevarianee fevelsowith Doppler beading updated pos,
on beng used as the aecurate reference. ALV LE bue estitmates wouldd be resmitiahized to
zero o with the correspondige imitial bias crror virmatices <set at refatively small valuces exeept,
possitbliv_ Tor a couple of stations that are know s to exhibit bias shaftng.

Hall VEF stations are down for a tonye penod of time taay o nowr or mores thern onie ca

cxpect Doppler heading positton error to merease at o noavitad rate o 2

St ooy
Fhus. the Doppler heading position will he imaccurate when the VL <tations coe
agam. Without any other morve aceurite source of position wilornuton, the Radoan iy
will stply have to continue ot m a degraded mode of operatian. The VI ctation- s
be re-inttialized based on the macearate Doppler beadme posdion: however one conseiy
on s the fact that the posation error should hot contmue 1o o e e N E 2o s
line.

£.5.2 In-Fhght Measurement of VLEF Phase Variance

['he on-eround measurement of mdaoidua: VL statron phiase moeasurone 1 stalist, - e, -

acvomphshed i avery strashtforward nianner. Sincee the areralt s stalionary, aoseries of VEE oo
. N s ¢

second readimgs can be used dwectdy for mean and varcoes caleufations N e ol aboan o N
meisurements ceoes o five muate collectton of VL dat wooaid e o ent to aarive v s
aceurite caleulation of the mean vadue and vartance, The means sadae o cade clated o in oo e
the theoreticad, constant, maerosecond value for the KNnown wrotd position. o arcer o cbe bere e s
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The elements of b represent the theoretical VEF microsecond distances plus estimates of phase bias

evaluated at the updated Dopplersheading position. ‘Thus, in general,

h T A T AT o b
for cach VLEF station being considered. Combining Equations ¢ .20 and 1.3, one cun then write,
. - PN AN + ¥ e e
yoohotopsee g BIAS NOISE o HCC G o
[

BLAS, 2 NOISE
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asstuning the Kalman hlter VLE bias estimate and Doppler heading position update are reasonatny
aceurate. Phus, the error sequence, vy hefrom the Kaidman filter update equations actually appros,
mates the VLEF measurement nowse vector, v (Equation (3.8) shows this 111 a very ~traightforws ard
manner),

The error sequence.y - h Ccan be used to acquire statisties that should reflect the appres;
mate viriances ol the various VLI stations in-flight. Probably something Like 30 VEF measurements,
acquired over a live minutes period, would be needed for each station in order to get wvalid ~tatiste
Note that these VLF error sequences from Equation (1 1) will not. in general. be zero meah siee o
estitnated bis might not exactly equal the true VLY bias, Very likely, then. the error sequence wili
contain some bis, requiring that a mean value be computed before a notse varianee 1> evaluated

153 Detecting VL Bias Shifts

Fhe error sequences vy b cean also be used for detecting bias snifts in the different V1
station phase measurements . Recall that the noize process inherent to each of the VLEF mirrosceond
distance stgnals s assumed to have a zero mean and constant yvarance for the purposes of the Kaion,
flter implementation. Generadly  however, the signal qualicy of any given VLEF <taon vares with
tmesas does the associated VEF buas, Some of the VEEF station signal quality possibilities durmy
flicht are the followmg:

1 VELE nose varamee fevel remans about the same as on the ground for the duration of the

fhight.
1) VEEF nose vartnee Tevel chanves durmye the thehi compared to oroand voo statist -
1 A stidden bias shaft oconr<an the VEF station, bat the notse varcin Sty the ar
OF purtiealar mterests the distmo ton hetwesen o e Process chane gred oot e V|
Pras Jevel N chande mothe VP nose statisties would not nornad v Ge cecommipannea b e s I

change i bias the antomate o thent monitorme of VT E tote vabri oo weorthe 8 e ok, o
change e norse Tovel, Onc the othier hand o bias Shift would assame the formon @oaibn, s e

: HEEE
chaanee swith timesd the randomy vonse Teveb s assumed To reman ot She o N
A fnction of tome should detect any Bt e bias that is nog bring 1rackea e e v e
atman filter oot~ w-uad conlicuration. One suggested adeorithmm Tor deter s os oy ! EE R

ek e of Chebvahiey™s Thearen cRefs 61 whieh sttes that the probiabniy 0 s e o

conbbe bvmae wathim oon s g ol the mean valne 1401 Ui Conversely, the protot oy o
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then a possible bias shift will be suspected. In order to avoid confusion from momentary “glitches” of
large value, y = h should be tested for a series of successive values before the decision 1s reached that
a bias shift has occurred. For example, the mean and variance calculation from one set of 30 data-
points of y = h could be used for comparison with the next 30 datapoints in order to cheek for a

possible bias shift. If all 30 datapoints pass some sort of tolerance test when checked, then a new mean
and variance are caleulated. However if one or more of the datapoints do not pass the tolerance test,
a further test is done to verify that a bias shift has taken place.

Alot of “fine tuning’ will have to be done i order to have the suggested algorithm, and
otner algorithms for handling VLF problems, work properly with real data. Although most of the
VLF contingeney situations deseribed in this section have been programmed as part of the Kalman
filter simulation routine, most of the verification of the logic has been reserved for future work.

5.0 A COMPARISON OF FIVE DIFFERENT NAVIGATION ALGORITHMS

In this chapter, the navigation errors of various simpler alternatives to the Kalman naviga-
tion filter are analyzed and compared to the results using the Kalman filter approach. A set of
simulation experiments is described which involves comparing five different navigation algorithms,
with a range of accuracy specifications on the basie data quantities. The five navigation algorithms
are further compared using real data acquired onboard the NAE Convair.

5.1 Description of the Five Navigation Algorithms

Five different navigation algorithms were considered for a comparison study and evaluation,
namely

1) Doppler heading only,
1) VILEF only,
ii) Doppler;VLEF complementary filter,
iv) A "naive version of the Doppler/VLF Kalman filter,
V) A ssmart” version of the Doppler/VLE Kalman filter navigator.
Brief desceriptions of these navigation schemes are as follows:

i) Doppler,Heading Navigation  This form of navigation is also called simply. "Doppler only .
with the tacit assumption that compass heading is always available. A Doppler ‘heading
navigation scheme 1s based on using the measured, or derived, quantities Viop: v VAR

(hence B), as deseribed in Section 3.2, From these Doppler/heading quantities the rates of
change of latitude and longitude, PLAT and PLONG respectively. can be expressed as,

6077 - Viyop - cos(a +8)

PLAT = -
60 - [6077 - 31+ cos(m - P[,A’I‘/&)O)]

(5.1
. = 6077 = V| p " sinfa+f)
PLONG= - — = —- - - o
60 - cos (PLAT * n/180) - [6077 - 31 s cos(a . l’l‘;\'l‘/f)()ﬂ

-
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-
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where PLAT and PLONG are in the dimensions of geographical degrees: V| s in the

dimensions of nm/sec; o and g are in the dimensions of radians.

For the Convair research aircraft, the Doppler/heacing navigation parameters are sampled
twice per second  this is then the sampling rate assumed in the navigation simulation. A
trapezoidal version of digital integration is used to compute the Doppler/heading updates
PLAT (j), PLONG (j) - at times tl = 0.2 * jsec, as follows:

=

. 0.5 . i .
PLAT (j- 1) + . [I’I,A'I‘(J) + PLAT () - 1)}

PLAT (j)

"

0.5 . .
PLONG (j) = PLONG (- 1) + = = ["“’N(Hj) + PLONG (] - 1']

The accuracy of this form of navigation is directly dependent on the accuracy of the
assumed start position - PLAT(), PLONG(0) - as well as the accuracy of the Doppler and
heading data used in the integration algorithm. Any error in the specification of start posi-
tion will always be retained: but, more importantly, any bias error in the basic Doppler:
heading quantities will result in a diverging ramp position error with time.

VLF Navigation - For the purposes of the VLI algorithm designed, six stations are assumed
to be operational. The following parameters used in the algorithm are defined:

P a known geographical position chosen to be c¢lose to the present VILE position
(i.e. within a few nautical miles)

P the latest VLF position - to be computed from incoming VLEF phase measurement
data
P’ the microsecond distance from P’ to location of VLF stationj (= 1.. ... 6. as

calculated from the Sodano inverse routine

o the azimuth angle from P’ to location of VLF station j(j - 1, .. .. 61, as caleulated

from the Sodano inverse routine
P the measured microsecond distance from P to the location of VLEF station )

a the azimuth angle from P to the location of V9LEF station ) the approsimation

a T a is valid for the long distances involved
X the increment in longitude in going from P to P, measured in microseconds (g see)

v the increment in latitude in going from P’ o ', measured in microseconds (g sec

For any given VLE station, j. the equation expressing the x. v merements can be written s,

XS y o ocosa P I (.
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With six VLF stations in all, the following st of observation equations is available to
calculate a solution for (x, y):

X *sing, ~y cocosap T l’l - l’I

e .

.
.
.

{ (5.0

! < . 1 - Ty = ) - o}
X sin y Cos o I t

Define A sina B - cosaq i€ 7P, - I"’; then Equation (5.1) becomes,

(5.0}
Xt \(\ ty o B(‘ = ( 6
having the least-squares solution,
6 6 6
X YA Y A B i A\ o C
i | i i i
(I (. o
- (DG}
6 O O
y A \| * B X B A B -C
| 1 | ! | 1

The solution from Equation (5.6) assumes that equal weighting is placed on the information
from all six VLF stations being used, The position, P, that 1s used in the caleulations (1.¢

Eq. (5.-1)) s usually the previously calculated VLE position new VLE posttions are caleu
lated every ten seconds, so Pis always fairly close to P. Note that the (x, v) solution from
Fauation (H.6) has the units of microseconds, and must be converted to the equivalent in

units of degrees LT, LONG before the new PLAT, PLONG can be caleulated. Then
PLAT - PLAT + v:PLONG  PLONG' + x.

Doppler/VLE Complementary Filter Navigation  The Doppler, headimg, and VLEF navea
tion data can be blended together into a very simple algorithm based on a digital version of
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second-order complementary filtering. In essence, the Doppler/heading data s only used for
high frequency contributions to position while the VLF data is used for *de’ and low fre-
quency tracking of position. The complementary filter design is such that there 1s a
perfectly flat frequency response in the filter output. The basic sampling rate for the digital
version of complementary filtering is 0.1 ¢ps (i.e. the same as the VLEF) and the input
quantities used are VLF position (l’\, TRED computed from the VLF algorithm just de-
fined) and the so-called ten second Doppler update, UD’. Actually, two different sets of

LAl and l’l,()NG\ ' b LONG

digital complementary filters run in parallel, one for PLA'T and one for PLONG.

input guantities are used - PLAT,. | /uD’ S0 two

The UD quantities are computed by accumulating. via trapezoidal integration, the half
second Doppler velocity components over each ten second VLF sample interval. t'or the
nth ten second VLF interval,

. ) 0.5 ; . . . .
UD, o G) = UD G- D+ =2 [BLATG) + PLATG= D] 3521020
(5.7}
) . 0.5 . . . L ]
lIDl ()\(’(J) = UD[ ()N(;(‘] - 1) + ‘;“ * [I,LON(I(J' + ‘[)IJON(‘(J - 1' I 1. L. 20

with PLAT and PLONG defined in Equation (5.1). Define UD‘l Ay F Ub (20).
UD oyt = UDpghg

sample time in the complementary filter. The general recursion formula (for cither PLAT
or PLONG) has the form:

A
(20) as the Doppler updates to be used at the nth ten second

Pogqmd = €)= Pypn=1) + Cy =Py (n-2)

+ C_‘ . [l’\,”(n) + (1 - a) °P\'| p (- 1) - a- l’\“(n- 2)] (5.8

+ 0, I:UD*(n) - UI)*(n- 2)]

with . 2- 5K+ (1 - a)

! 1+5+K
Sra*K-1

(‘\

- 1+5-K

(D4
5K

, .
1+5H5+K

¢ 0.5

‘4 1 +5 |
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The values of parameters K and a are chosen to define a particular second-order filter

characteristic that is required. From experimentation with real navigation data it has been

g determined that a damping ratio of { = 0.707 and a break frequency of f. = 0.008 hz gives
good results (1.e. 237 overshoot and a 90 second settling time) — this corresponds to

K = 0.0832 and a = 0.69952. Based on these values for K and a, the coefficients in Equa-
tion (5.9) become,

C, = 1.324152

1[ C, = - 0.500706

i (5.10)
|

; ¢, = 0.293785

} ¢, = 0.353107

]

; The complementary filter defined above, using the particular set of coefficient values

spovified in Equation (5.10), is the one that is used in the navigation comparison studies.

v) Naive Kaiman Filter Navigation  The effective operation of the Kalman filter is highly
dependent upon having good a priori knowledge concerning the nominal operating condi
tions of the various navigation sensors. For example, if one sensor degrades in aceuracy,
and that degradation is detectable, then that information is useful to the Kalman filter
it can lead to more accurate state estimation than would occur if the degradation went
undetected. Therefore, two different Kalman filter implementations are considered i the
comparison study. The first implementation  a so-called naive version of the Kalman
filter  involves establishing a set of nominal initial conditions for the filter which s held
fixed no matter what the actual status of the various sensors might be. This version of the
Kalman filter is completely oblivious to any changes in the quality of the mcoming data
Obviously, if some aspect of the measured navigation data changes signmificantly. then the
filter’s performance will degrade accordingly. The initial condition specifications chosen
for the naive Kalman filter used in the comparison studies are outhmed in Tabie o1

vl Smart Kalman Filter Navigation  This implementation of the Kalman filter assunies sonu
method exists for monitoring the basic rehability of the individual navigation sensor<. A~
soon as it hecomes known that a particular sensor (e, Doppler, C- 12 compass, or \'LF
station) has degraded, this information s used in the Kalman filter. Certam parameters ot
the Dilter are then modified to reflect the new knowledge about the status of the e ation
sensors. Included mothis version of the Kalman fitter s the capability of Tivmg any partn
ular P matrix diagonal element at a high value  for acceurite VLE Dias drift estination or,
stnply very rapid VLE bias estimation, The majority of the atal condition <pecitication
for the smart Kalman filter will be the same as those Tor the nan e Kalman flter s defined
m Table 5 101 except where noted for the particular conditions on the data heing ased i
the comparison study.
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FABLE 5.1

INITIAL CONDITIONS FOR NAIVE KALMAN FILTER

Position: PLAT, (PLONG | 15.001/75.001 deg
Bias in Doppler groundspeed : ﬁ\,” -- 0.0 knot

Bias in true track: fin P 0.0 deg

Biases in VLF phase measurements: éom (i=1,....6) - 0.0 usec;alli

2 3y
bop -9y T 1.0 knot

Noise variance for V
v o - i ? M = n N
Noise variances for a, 3: g~ Ut 0.25. 0.25 dey-

Noise variances for VLF stations: a-"“ (i=1,.... 6) - 1.0 u see” L all

Error covariance matrix: l’“

Variance of PLAT,, PLONG : P (1,1),P (2, 2) 0.0001, 0.0001 dog’
Variance of fi\ LJ P03, 35 10.0 knot-

Variance of IABW.“ (P - 5.0 dv;.3

Variances of [A}’_,I“ (P 5,5y P 10.10) 01 u seeT gt

5.2 Description of the Different Types of Simulated Navigation Data
The four different types of simulated navigation data to be considered are:
1) best quality data,
1) data with large Doppler/heading bias errors
) data with large VLF phase bias errors, and

) data involving VLF station dnfts,

Two different aireraft trajectornies are used in the simulation studies, namely,

a)  straight-hne frack with constant velocaity and

}

-

y circular track with constant tangential veloaity,
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Detailed specifications on the various types of sinzulated data are as follows:
i) Best Quality Data - - The conditions simulated for the navigation transducers are:
a)  Doppler radar system —

1.0knot, 6 = 1,0 knot’

li

B,

0.5deg, o> = 0.25deg?

8] “

1

B
b} C-12 compass system —

B, = 05deq, o7 = 0.25deg’ ;
¢} VLF system —stations used arce OGM AD W

B = O.lusvc,azv_ = 10usect;i=1,....6

Ot 1

PRRPIY ISP ee = 3

Py

1) Large Doppler/Heading Bias Errors -~ The conditions simulated for the navigation trans-
ducers are:

a)  Doppler radar system —

B, = 10.0knot, u®_ = 10.0 knot

\

B = 5.0deg, uzA = 2.5 deg’

I

by C-12 compass system

N USTRERURY . SURGPPI T S

B = 5.0deg, "ﬁ. = 2.5 (lvg"
¢} VLF system speaifications same as i i),
1) Large VLEF Phase Bias Errors
a)  Doppler radar system specifications same as i 1),

by  C-1Z2 compass system spectfieations same as i i),

¢y VLEF system speaifications same as in i) except ‘
B 100 g see, a” ; 25.0 wsee” for VLEF stations O and or G
) VLE Station Drifting
ab o Doppler radar system specifications siome as im .
]

by C12 compass system spectfications same as i 1),
vl VEEF systemy speaifications same as in i) eacept

B chimges lmearly 0 100 p<ec hour; o’ D0 e for VILF dation

) or (.
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Information concerning the two different aircraft trajectories simulated is as follows:

a}  Straight-Line Track, Constant Velocity -

Initial Position  15.07 LAT, 75.0° LONG

Error in Assumed Initial Position  0.001  LAT, 0.001 LONG
Groundspeed -- 250 knots

True Heading  15.0

b)  Circular Track, Constant Tangential Velocity  This type of aireraft trigectory s useful
for simulating a strong acceleration situation for the wreraft. Note, however, that this
particular manocuvring would never occeur for any length of time under normal flving
conditions.

Intal Position  15.07 LAT, 75.0° LONG

Tangential Velocity - 250 knots, clockwise

Radius of Circular Track 10,0 nm

Centripetal Acceleration 2,93 ft/see” or 1.735 knot ~ec
5.3  Results from Simulating Best Quality Data

Simulation runs were conducted using the hest quality navigation data on the five difforem
navigation schemes being compared. Both the straight-line and aircular tracks were considered as well,
In the case of the straight-line, constant velocity trajectory there was no difference between the nanve
and smart versions of the Kalman filter, so only one of them was used. Figure 20 compares the total
position errors for cach navigation algorithm as a function of time, over 2 3000 sec run (NO'TE: totul

position crror [u,,\'l‘ ERROR) + (LONG l«:m{()nr‘] P2y From Figure 2010 can be seen thia
navigating on Doppler heading alone, even with reasonably vood Doppler heading data, results 1o
sipntfieant ramp type ol position error due to the biases i groundspeed and heading, Navigating oo
VLE stations alone feads to a bounded error with time the error level shown ere Tor VEF would
correspond to avery good quality VLE sttuation. When the Doppler VEE complementars Dilter 1.
used (e, CONMPL i Fig, 20) the average error devel deercases Shightlv cand thiere s adot o0 oaniootie,
elfect on the VLEF error from the laow-pass action of the fdter, The botrom trice iy oo 200 o
the Kalman filter result clearly much superior to any ol the other noogation schome. oo
averade error level and smoothnes< ol error response. Notes the typacad Kalmany Dlveyree e o e i
results imoa shight!y higher ervor during the first Tew hundred seonnd~ ot be v o thee D0 a4
the meonung data,

Firoure 21 shows sinnlar results, agaon for the best quality doctas when e v ar s ow
corstant taneentid velocty s beme simubied Tnthis casel both aonanve el osnint vore on ol
Kalnwn Dlter are corsidered o the compartson plots The error hebavioays for te P cey e
VEE dlone and Doppler VL complementary, Dlter cases are abont whan weetld oo e csed (g
cryor s constraned beeause ol the crreular troge torvy: but the tarad AR RT AR S K AR A TERRE R A S NI
Koo Dlter sorather mnteresting 19or fhad case the po=tHmm ooy e tiadin e e we s e
rativer sienafieant hevel iteven tooks s thoueh the crror s ~Towly diverone witn e T
for this becomes apparent when one considers the tepe of et Dgeciony thae rooe o analate
Recall that the amuiated circafar tricch resalts m g caonstant contnpetal soccherainos ot 2 00 1w
or D735 knots wec for the sorevaft. This s o fiardy signilicamt acoclorateos et w0 [
headimg plant, based onovelocoity meisurements. wiall not be nearly ae aoomate oot e e e
constant veloctty cises Nevertheless, the nmve veraon of the Kol Dlter i < tant e B g
breading plant retams s sonanad accuraey as defined by the nosse varone s osc T o\
aoand grne n Eable 5T Obvioustiv these specifieations arc tcorto o for the “pe 0 oot g
mction takime place and o anart veraon of the Kadoan Dt fa a4 S I TN PR S
ivruhll’lll

L.
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For the smart Kalman filter a poor gquahity plant s assumed, and this mformation s oon I
. . \ A N .~ f y _
veyed to the filter by respecifymg o \ [00.0 knot | - 25.0deg  and o 250 dey

These changes moamtial conditions give a much better, and more stable, totad posttion error ()
Ghown i the bottom trace of Fig. 211 This position error trace shows a sipmificant i roveneent
compared to all the others, but the improvement s not as driomatic as i the straght e thagectons
case (shown m Fyeo 200 The reason for this is the fact that the basie plant update couations b,
detentorated in aceuracy tor the cireular track situatton | and the Kalman O0ter cannot he exgpas tod oo
do as well under the circumstances. Speaifyig basie plant aceuracy as a function ot the 1y pe ot
arreraft tragectory taking place 1s only one of the capabilities that a smart Kalnan filter most noaoe
will be shown subsequently.

5.1 Results from Simulating Large Doppler/Heading Biases

The simulation results from navigation data with Loge Dopplder heading b crmor- are o,
played m Figures 22 and 23, Figure 22 compares the five different navigation sehenes bor v
straight-line track case. For navigation with Doppler alone the error bantd up due to Jarce Do gates

heading biases 15 quite dramatic. Navigatioom error results for VLEF alone <ty the some as bnetone - 4
the navigation errors for the Doppler VLE complementary filter, The farge Dopplor et 0

errors do not affect the operation of the complementary filter because ondy the b, Doeguee oy

tribution from the Doppler ieading system s used, The nouve and stnart verstons o s Koor a8

produce about the same error level m the steady state . and both are g ~gnifeant nogaeoas et e

the other navigation algorithms, The only difTerence i the error responses of the tao voron 0

Kalman filter is that the transient response for the 1iest 300 sev or so s abot fasbor o e a0

smart version, This is due to the fact that, for the smart version of the Dlter iitiad cond foo o
A . \ _ . 5 _ . 9
respecttied as oy 10.0 knot-, o- 20 dep Lo D20 dep P s a0 1800 0 Ky oo o L,
: 4
Pl by 500 deg to take advantage of the g priors knowledeo thar Doppler Beadine biaes s
siegnifieant (so that a faster transient response should be used wihen et thiong !
Figure 23 compares the five navigation algornithims for the civeudar track <tuac o N
error results for Doppler alone, VLE alone, and the Doppler VL compleneontary fver <show o
surprises. In spite of the large Doppler ‘headmg ases, crrors m Doppler only tongataon v o
reasonably bounded mamly because of the 10 nm radias aiveular track atherwise. the Dhogpin

navigation error would grow at g much faster rate. The niove and smart Kabman ey vesalts e vers
smular to those shown i Figare 21 (el for best quahny date and o emeular tack s The nomna? oo
Kalman filter speaifications on the Dopplerihieading plant correspond to o plant update couanon
assumed by the filter to be more accurate than s really the case A consequence the position, e
grows with time  n fact the Kalman filter appears to be close to mstabaliny Mo fed spwoostne e
on the plant for the smart Kalman filter (the same ones s for the best qualiny data o ular traek
case) rectify the situation by mercasing the level of plant noise assamed, whioh bas o =tatalong
influence on the Hlter response. Note that the smart Kalman Dlter ervor response iwonly o il
improvement over that of the complementary filter approach due, no doubt, to the poor Guadiy
plant updatmg for the cireular manocuvrimg.

For completeness, Figure 21 shows plots of the actual Doppler heading bias errors o
attempting to estimate B and B using the Kalman filter. The runs used correspond to the re.ult-
from Figure 22 for large Doppler/heading buases with astraght-lme track . Figare 20 mdicates tha
the error response 15 much faster for the smart Kalman filter compared to the nane versson, due 1o
the change in inial conditions. Nevertheless, for both nive and smart versions of the fillter the crrore
in estimating the large Doppler/headimg bases are quite small, The same small bias error levels oo
even when the aircutar track manoeuvre 1s used i the simulation runs. An obvious practical situation
i which Doppler/heading biases become significant occurs when magnetic vanation, VAR s speaified
meorrectly  the Kalman filter will quickly estimate any obvious bras m o 4 3 from this source of
error.
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5.5 Results from Simulating Large VLF Station Biases

Simulation results for navigation data involving large biases in certain VLEF station phase
measurements are compared in Figure 25 (for the straight-line trajectory ), with VLE stations O and G
simulated to have phase brases of 10 u sec each. The effect of these two VLE biases 1s quite evident
for the VLE alone and Doppler/VLE complementary filter runs, In both cases, an average total posi-
tion error of 1.0 nm oceurs because of the significant biases in the two VLEF stations, Note that the
complementary filter still tends to smooth out the VLEF data, but it can do nothmyg about the VLE
buas errors. On the other hand, both versions of the Kalman filter show position error improvement
with time, The nave Kalman filter response 1s quite stuggish because of the nominal initial condition
varimncee levels for all VLE bias estimates, o = ().1 psec?  all 1 However, with appropriately lurge
Th o T 1000 wseet ) as
defined for the smart Kulman filter, the speed of response of the error-versus-time plot s greatly
enhanced and the steady state total position error s quite low,

\
B
it condition variance tevels for biases iy VLEF station O and G (el o

Asa further check, navigation data for the straght-line trajectory was simulated with both
Large Doppler headmg biases and Large VL EF biases in stations O and G This was done in order to
vertfy that the supenimposed data response was essentially the same as the sum of the mdnvadual
Kabman filter responses. With the VLEF bias errors predommnating, the output error response for the
superimposed data was virtually dentical to that shown i Figure 25 (the only exception bemng
Doppler onhy navigation where, of course, the large Doppler heading bnas errors dommate). Fuoares
26 and 27 show the complete set of Kalman filter error responses for cach of the nave and smart
versions of the Dilter correspondimg to this superimposed navigation data situation. From the naise
Kalnian tilter error outputs of Figure 26 1t can be seen that the Doppler heading biases are estinated
kv and aceurateiy . winle VEEF bias estimation s much more shugpish, There i~ also an obvious
teraction amone vartous VLEF stations s o result of the hinear dependencies that are Kuown to exist
O the other hand the smart Kalman Hlter error outputs (Figo 27 look good right across the hoard
tos advantage of having accurate a priort knowledge, especiadly concernmyg VEEF s guite evident!

d6 0 Results from Simulating VLE station Drift

simulated navigation data with VLE ation O drifting at the tate of 10 g sec-hour was used
for the comparison plots of total position error shown i Figure 25, The effect of the constant VLEF
At rare s dearly seennc the VEEF and complementary Gilter plots. N nave verston of the Kalman
Hlter produces an output error which appears to stabihize at alevel of about 0.3 nm. However
properly programmed smart Kalman flter tees with P50 Pised at TOOO gosec for the entive run
results i avery smadl total position erroras shown i the bottom trace of Figure 28 Smular results
ocuraf VEEF station Gos dofting imstead of station O Figure 29 shows the complete set of estimaton
creors for the nave Kalman Dlter ran o waith VELEF ~tation O drifiting. The associated VLE bias error plots
imdicate that there s astrong interaction among the various VEE bas estimates caused by the dnfting
o ~tation O Frzure 30 displays the same error quantties buat for the sniart Kalman blter case. Notiee
fioss the VEEF bias errors are muach more stabde and hardly dnft ot all compared toothe naove Kalman
Dilter case Note also that the procedure of fiximg PO D) at 1000 1w " means that the bastie notse
process of VLE station O (o S50 p ey s present n the estimition crror of B I hus. the

)

normal smoathimg effect of the recurston formula for estimatimg B kg 02 S by poesed s causang

B to be estimated v nonsy fishions dost the same the averaee coror ecstinating B s dose (o
seron spite of the Targe dndft rate bemg simualated.

5.7 Results from Using Real Data

About an hour™s worth of real navigation data, collected onboard the Convair D80 rescarch
arerdt b been analyzed using the varous navigation aleonithim- already detfined (ne Doppler
headimg navigation, VEEF navigation, Doppler VLE complementary tilter navication, nanve and smanrt
Kalman flter navigators ) The navigation datiowas collected nothe ioonuty of Ottawae and the type
of arcraft rrgectory anvolved was aosenes of racetrack patterns passing over well-known visual Tand
marks such as amport heacons,mrport VOR™S and runway mtersections. These visual on tops are
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necessary. of course, m order to have reference pomnts for establishimg navigation vrror as a function of

tune in the case of the real data, Table 5.2 shows a hist of the visual on-topsn the sequence in which

they were overflown, together with the time and correct geographical location. Note that the acouraey

of these on tops s felt to be within 0.10 nm. The table mdicates that there are about 57 minutes of

useable navigation data from the known start position to the final an-top, :

TABLE 5.2

INFORMATION ON THE VISUAL REFERENCE POINTS FOR THE NAVIGATION STUDY

Type of On-Top Time from Start Geographical Location
Intersection RW 25-32 0 sees 15 18°H77 7H 30507 i
Ottawa VOR 200) sees 15 26307 75 5350 :
Kinburn Beacon 510 sees 15 25007 76 08 Hn ¢
Arnprior Bridge 1130 sees 1H 260670 76 2100
Kinburn Beacon 1310 sees 15 25007 76 US'Hy
Octawa VOR 1H20 sees 15 26307 75 H3'HY
Intersection RW 25-32 1790 sees 15 I8'D77 7h 39 Hh7 ‘44
Uplands Beacon 1980 sees 15 137407 70 29'36° 4
Uplands Beacon 2940 secs 15 137407 7h 29736 :
Ottawa Beacon 2790 sees 15 21367 75 337117
Intersection RW 25-32 2970 sees 15 18577 TH 39537
Rideau-Carleton Racetrack 3130 sees 1 178 TH a67157
Ottawa Beacon 313 sees 15 217067 7h 33711

For the particular navigation data collected, the VLE stations avanlable were TLoM DO GUOW
and R, Figure 31 shows the relative locations of these VLE stations using o Lambert projection
centred at Ottawa. It can be seen trom this projection that the VLE peometry as not the hestowath
many of the stations almost in-hine. The possibility of VLE hinear dependencies will then be quite real,
and this fact must be tauken mto account when using the Kalman filter approach. VLE groundran
statistics, based on 42 samples for each station, were computed by monmitorimg the VLF recener just
prior to the navigation flight. As well, 2 comparison of the raw VLE was made between the start nimee
data and the VLEF data at the 2970 see point (both of these posttions are the RW 20 32 mtersection)
to see whether or not any VLE bias drifting was taking place, The results could then he compared waith
the estimates of VLE bias arrived at by using the Kalman Dilter, The nowse varcanee estumates and raw
VLE data comparisons are displayed in Table 5.3 From this table it can bhe seen that the VLF provnd
run noise vartances differ widely from one station to the next, but all are well helow the nominad
1.0 g see? level, The VLF phase bias shifts (Le. 0 g osecy, based on VLEF measurements taken abioat i
minutes apart, are all fairly small except for the bias shift of VLEF station R\ closer fook at ~tiation
R s phase readings reveals that a fixed drift rate of about  17.0 g see hour exasts, apparently due to
maccuracies in the frequency of transmission, It was felt that it would be anadeal test for the Kalnam
Niter to try to track the known drifting VLE station. This particular real VELEF diata was conaderned to
be quite representative of what to expect in the wav of tvpneal VLE daticdunng the course of a fhight




TABLE 5.3

VLF STATION INFORMATION FOR THE

Phase Measuremen

Station Groundrun Variance at T = 0 Sec
L 0.012 y see” 9850.5 p sec
M 0.005 u sec” 3661.4 u sec
D 0.103 u sec” 1138.9 u sec
G 0.093 u sec” 210-4.1 u sec
W 0.011 u sec” 6236.6 u sec
R 06114 u sec 6T83.5 u sec

TABLE .1

REAL DATA INITIAL CONDITIONS FOR THI

Position: PLAT /PLONG . -

Bias in Doppler Groundspeed: ﬁ\ o

Bias in true track: B

oy

NAVIGATION STUDY

t Phase Measurement L
at 1'= 2970 Sec - HNee
9852.5 p sece 2.0
3660.0 u sec 1.4
1140.0 u sec - 1.1
21034 u sec 0.7
6236.9 u sec 0.3
6797.6 u sec 111

© NAIVE KALMAN FILTER

153158 7H.6653 deg
0.0 knot

0.0 dey

Buses in VLE phase measurements: 1‘5_‘” [ I AN 6) 0.0 useesallh
Nose vartance for \"Im p us \ 1.0 knot -
Noise variances for /e u” ‘ e“u:‘ 2020 degt
Nense variances for VLE stations: as per Table 5.3
Error covariance matrix, P
Variances of PLAT  PLONG = P (1. L P (2.2) 00001 00001 deg
Viartance of l.'.\ I L R Pt 100 0 kot
Varanee of l.y Lo TOO 0 ey
Variances of l‘{ . oo, o - clo 1oy Ot e ally
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Table 5.4 indicates the initial condition specifications for a naive version of the Kalman
filter that was run using the real navigation data. Specification of VLF noise variances based upon
groundrun measurements was felt to be quite valid, even for the naive Kalman filter, since these
meusurements can be accomplished quite simply before the start of any navigation flight. Moreover,

. . X R y . - +
nose variances for «, g - namely o= o~ - were specified as 2.5 deg each, based on examiming the
raw Doppler/heading data again, something that would normally be availlable. The varnances on
By .

However, the variances on all the B o s were set fairly low to avold a strong interaction among VL

and B were set quite high in order to estimate any Doppler/heading bliases very quickly,

bias estimates because of the linear dependencies known to exist. Figure 32 shows the Kalman filver
outputs based on the specifications defined in Table 5.4, In Figure 33, the associated position errors
are displayed, based on the 13 visual fixes avanlable during the course of the flight It can be seen from
these position error plots that the overall error is fairly small for over half the light and then ot starts

to increase. The increasing error is felt to be due to the effect of VLE station Risdnfting  eventually.

the phase drifting begins to effect the Kalman filter accuracey. Judging from the VLE phase b
estimates i Figure 32, the filter is attempting to follow the drifting in station R but just cannot keeys
up. The information from Table 5.3 suggests that estimation of the VLE biases m Loand Mos ot least
proceeding in the right direction, However, the other VEE bias estimates appear to be meorrect oo
doubt the Iinecar dependencey problem s manifesting itself, In sharp contrast, Figure 32 shows that i
Doppler heading bias estimates are resolved rather quickly and then remam at reasonably constan:
values,

In order te alleviate the detrimental eftfect of VLE stattion R drifting, o smart Kb S
wis destgned specifically to track station R shifting bias, As welll this version of the Kadvoan tio
concentrated on estimating the two largest VEE biases (as determined from Table 50000 nann v oe
of VLE stations L and M, "The changes that were made to the mitial conditions in order to deton
smart Kalman filter are outlined i Table 5.5, Note that the error covariance draconal Lo
corresponding to VLE bus estimates in stations D Gland Wi, }’H (7,70 =P 19 9% are ~et e
zero, which means that VLE blas estimation s not even being attempted for these particular station -
Figure 31 displays the vantous smart Kalman Dlter estimates as o function of time winle Feure 50
shows the resulting posttion errors at the 13 visual check-points, From Figure 31t can be secn e
the smart version of the Kalman fifter s tracking the drift m station R's bias quite accurately cvecadd
that the dnft rate 1s about 17 g see hour). Morcover, hias estimation for VLF stations Loand M
appears 1o be procecdimg m the right direct,on, The results in Figure 35 mdicate that the position ernon
mereases somewhat durimg the mital, transtent region of Kalman filterimg action and thien appears 1o
settle down quite micely, as expected for proper operation of the Kalman ilter, Notiee that s biere,
Doppler ‘heading bias estimation s almost identical to that of the nave filter case. The rather snali
Dopplersheading biases estimated suggest that the Doppler heading dead reckonmg navisaiien syt
1> reasaonably acearate for this particular fheht data.

TABLE

CHANGES TO INITIAL CONDITIONS FOR THE SMART KALMAN FIL'TER

Error covarincee matnix. 1

Varanees of B
Poas ol 66y 1OO0 T g1~
L VIR R A R (IR TITIRTY
Pt tm 1OO O e e fon

duration of flheht

W
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A companson study was conducted, for the same set of real navigation data, mvolving the
various possible navigation algorithms (e, Doppler alone, VLE alone, and Doppler VLE complemen-
tary filter as well as the different versions of the Kalman filtery, The results of this study are
summarized in the comparison plots shown in Fyrure 36, Navigation using Dappler wone s surpris-
mgly acceurate, with the total position error rising to a little over 2.0 nm after one hour, Most hkely.
the posttion errors would have been higher for Doppler only navigatuon of a straght-line wirerain
trajectory had been used instead of the racetrack patterns that were fown recall from the sunutae
ton studies how the Doppler heading errors tended to be bounded Tor the cireular track case. Thee
sevond plot i Frgure 36 shows Doppler, VLE complemoentary filter position error results VEE alone
s not shown because the results are virtually wdentical to those of the complementary Hiter, The totai
posttion error of the complementary filter rises to almost 2.0 i alter one hour due, no doubt, 1o
the various VEEF biises and, of course, the constant detft rate of VLE <tation B The nan e Kabman
flter and smart Kaiman filter (tes SMART KEF D) results refer to the versions of the Kadman filter
deseribed earher e this section. From Figure 36 9t can be seen that the Kalman ilter approach
certanly improves the overall positional error very significantly,

The results of one other Kalman Hilter run are displaved as the bottom trace in Figure 36
(e SMART KE2) Expermentation revewed this to bhe the most aceurate result attamable: and the
particulr mitad condittons that produce this result are rather mterestimg, For this ciase, b error coo-
vartmee diazonals reintimg to VLE bras estimation were set 1o Zeto Leo no VLF Do el ion Wi
ke place! Al other mitial conditions on the flter were the sanme as for the "N AIVE KEF Gl
SMART KET casess Normallvoweth no VILE bias estimation taking plaec, any sigifcint bias Db o
i the VEF phase measarements would affect the accuraey of the filter outputs, However, e ording
torthe VLF bras shitts indieate d i Table 5230 the constant deift rate of VLEF station Boas e oniy foas
shetr ot any read consequence, Farthermore, the groundrun norse varianee for Bos ahoormaliv oo
compared to the othier VEEF station nose varianees (more than two orders of magniiade consarcd <o
that af station M oso the Kalman filter has asstrong tendeney 1o weight out” the infhuence of VLE
~tation R the overadl posttion estimate, On this basis. the Kalman filtor position estimate can he
e aceurame wothout comg to the extent of VLF bias estimation, A~ a matter of fact, allowiig thee
Kahman filter to estimate VLEF buases probably introduces an additionad constraint and complesin
Aheh tends to deerease the accuraey of position estimation in this case  the known linear depen
deneres aumong VEE bias estimates afso come mto play here, OfF course, the situation would probabiy
Becciot different i very significant biases had developed i one or more of the entical VLEF <Gitions
Heen VEE bias estimation would come mto its own, as demonstrated in the simulation results

2% summary of Results
Phie magor resudts from the comparison study are the following:

Dead rechonmp navigation using the Doppler heading svstem is quite sensitive 1o higses,
even to farly siall onescespectadly for the typical stramght-line tracks that are flown. Any
Doppler headig bias errors will result i a position error which diverges with fime

Navigation usimg an averave ol all VLI information is somewhat sensitive to VLEF Dias shafis
and other VLEEF anomahes that mvarnably oceur. Fortunately. these errors usually result m
abounded position error as o functic n of time, except for the drifting VLEF <tation conds-
ton,

The Doppler VLE complementary Tilter is completely immune to Doppler heading brises
and has aoweak tendency to ssmooth out” the VLE position estimates as well as to reduce
the error shghtiy . However the complementary filter response is stll affectod by VEEF By
and station drfting.

The Kalman filter has a very strong smaoothing action on the position error and it can he
extremely insensitive to hoth Doppler heading and VLE biases, depending upon the imal
conditions chosen. The smart version of the Kalman Dlter s alwavs found to he significantly
superior to the complementary filter approach.

e .
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Output errors from a naive version of the Kalman filter can be a lot Lrger than those from o
smart version. The naive Kalman filter navigator appears to be especially sensitive to mgtl
condition specifications regarding the quality of the plant and the status of the varnious VLEF
stations hemng used.

Five Kalman filter navigator has demonstrated s accuracy when apphed to typieal, read
navieation data even to the extent of being anle to track a real, drftimg VLT staton.

6.0 CONCLUSIONS
H.1 Assessment of the Kalman Filter Approach to Navigation

The Doppler’ VLE Kalman Olter studied in this report has shown the niany advantages of
this type of approach to the navigation task. Probably one of the nuun advantaees tie Kadman filter
approach offers s flexibility in terms of handling redundant navigation mformation m some optimal
Fastiron, Varous navigation transducers can be modelled mto the Kalman filter format fairly readsly
and hence,can be used 1o their full potential, The Kalman filter is also very flexible when it cones
to handlme the raw data from any given navigation configuration - particular. the very basic (v
ducer relationshups can be modelledaf <o desired. A priort knowledge concerning the quality and
reive aceuracy of the various navigation transducers can be put to good use by the Kalman fiter
witniess, especidly, the results obtadned when attempting 1o track VLEF bases and bras defes 1
Doppler VLE Kalman filter has certamiy demonstrated the benefits 1o be samed fromn meodelime aid
estumatimg different bas error quantities, and it has also shown just bow simple the modelimg et
tion process can become, A bonus to be gained from estimating Doppler headimg blases usiog tie
Roadmiun filter s the fact that improved estimzates of the wreraft veloc: s comiporients e ihen tee

i

computed, The coneept of conmating the varons error guanitties of T overall st on svsien,
reai thime s lies thats sboudd ore part of the syvsterm Sal ot some podnt B iee, ot latio s wo i s

Wil not he severely jeapardized,

OF COUrSCoas Wilsseve "V clors o 10D bay The prcice Tor tie i sron o e o i A ol o
i the Radman Dlter apgrone i anviaatons T cos ot e iy i o Dopg e VLE R dnne e
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simulation work or experiments involving real VLEF data. As can be seen from the results
presented in this report, proper handling of the raw VLE data, especially during the various
“momalous” situations that can arise, is eritical to the successful operation of the Doppler
VLEF Kalman filter. Much has been learned about VLF phase hias estimation, the associated
hnear dependencies which can occur, and the possibility of bias drift estimation. Neverthe:
less, a great deal more work can and should he done in this arca.

1) Real Time Programming Problems A definite challenge will be the design and mplemen:
tation of a real time version of the Doppler, VLE Kalman filter for use onboard the Convar
research aireraft. Although the Kalman filter simulation routine does a vood Jobhy of pro:
cessing the real data acquired from the Convair navigation transducers, this s o far ey tron,
simulating a rcal tume oneration onboard the arreralt. The major problem will he conversion
ol the Kalman Nilter simlation routines (written i FORTRAN IV and operatimg., ot
present.in the IBM 3032 TSS environment) to the Interdata 7 32 minicomputer onbouard
the Convair. At the heart of the problem will be the computational speed and accuriaey
required to propagate the Kalman filter matrix recursion equations One nieans of reducimg
the computationud burden might be to lengthen the update interval from ten seconds 1o,
siv. twenty or thirty seconds. Simulation studies could be done to determme the effect o
longer update mterval might have on basic estimation aceuracy. The costs of simulation
rins in the TSN environment are expensive for the ten second update case as it stands now
For example, it costs about $50. and takes 100 scconds of CPU time for one Kalman Glter
run using the hour™s worth of red) navigation data.

i) Navigation System Augmentation  Eventually, other nasigation transducers avalablc to
the Convair will be included inan augmented version of the navieotion fier described
thix ceport. The next navigation aid to be included will probabhv be the Litton LTN-51
mertal navization system two different approaches could be used to integrate e LN
mformation into an expanded model. The simpler approach would involve treating U
mertial navieator as ablack box™ and using its position and velocity outputs s addition:d
Meastrements  the Kalman Gilter plant would stay the same as before (e the Dopydor
heading update cquations). N more complex approach to the problem woubi Lave 1
ertial svstem as the basic plant model: Doppler, heading, and VLEF would then be ved.oos
dant measurement quantities. This approach would Impiy having wecess 1o T husre ot
quaidities of the LIN-GT svstent (res Iinear accelerations and ancubar vt of chugime 1, A
sunulation study comparmg the two approachies would help to determme whieh s the mon
eflective direetion to take m using the Litton data.
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DOPPLER BEST POSITION
DATA ESTIMATES

AIRCRAFT HEADING KALMAN FILTER BEST VELOCITY
& ATTITUDE ALGORITHM ESTIMATES
VLF STATION BEST BIAS
PHASE DATA ESTIMATES

FIG. 1: PROPOSED DOPPLER/VLF NAVIGATOR
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FIG. 14: VLF GEOMETRY — PROJECTION CENTRED IN OTTAWA AREA




FIG. 15. VLF GEOMETRY — PROJECTION CENTRED IN DAVIS STRAIT AREA
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FIG.31: VLF GEOMETRY STATIONS AVAILABLE DURING NAVIGATION FLIGHT
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FIG. 37(a): VLF GEOMETRY FOR LATITUDE VARIATIONS

FIG. 37(b). VLF GEOMETRY FOR LONGITUDE VARIATIONS
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APPENDIX A
ALGORITHM FOR HANDLING DOPPLER BEAM FREQUENCY DATA

The raw Doppler data consists of three RF beam frequencies each sampled at a twice per
second rate. The beam frequencies ~- fvl, fh s fc — are defined as follows:

f o starboard forward-looking beam frequency;

f,: port forward-looking beam frequency.

f.: port backward-looking beam frequency.

The components of velocity in each of the three body-fixed aircraft axis directions (i.e. u: forward;
v: starboard; w: vertical) can then be expressed as

w = [, +50000) - (£ +50000) ] /8.925: (knots)
v = [i, +50000) - (f, +50000)] /4.4625: (kncis (A1)
w o= [u,+1) - 50000] /20.576: (knots)

To convert the velocities u, v, and w into a straight-and-level co-ordinate system (x. v, 2
X - positive forward, y - positive to sturboard, z - positive local vertically upward) one must use the
pitch (0) and roll (¢) aircraft attitude information. Assuming 0 is positive for rose-up attitude wnd o
is positive for right-wing-down attitude, the three straight-and-level components of Doppler veloony

becon. -
Vo = coslru +sinf -sing v + sint:cosd - w
Vo = coso v - sing-w (A2
Vv = osinfl cu - cosO csing v - coslrcosow

The groundspeed (VM' p) and drift angle (@) quantities, more useful in the Dopypder naviga

tion model, are then expressed as

A Lo oY
Vivor -~ (\’\* + \\‘) . (knotx)

.\

Q Toarctan (\"\ e’\'\ }o (radhians
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APPENDIX B
VLF COMMUNICATIONS STATION INFORMATION
L..ett.er Call Sign Location Frequency Radiated Power (k.w)
Designation (KHz) Nominal  Authorized
M NAA CUTLER, MAINE 17.80 890 1000
w NLK JIM CREEK, WASH. 18.60 250 1000
L NPM HAWAII 23.40 140 — 630 1000
S NwWC NORTH WEST CAPE, 22.30 1260 1000
AUSTRALIA

R GQD ANTHORNE, G.BR. 19.00 - -

G GBR RUGBY, G.BR. 16.00 250 300
J NDT YOSAMI, JAPAN 17.40 125 500
O JXN HELGELAND, NORWAY 16.40 150 350
A NSS ANNAPOLIS,MARYLAND 21.40 500+ 1000
D* - LAMORE, N.D. 13.10 9-10 10

* D is actually an OMEGA station whose side frequency is being used in a VLF mode of operation.
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APPENDIX C

DEVELOPMENT OF PLANT NOISE EQUATIONS

It is assumed that the zero mean, random noise processes uy, u_, and u 5 oceur in the meas-
urement of V, ., @, and f§ respectively — the noise processes are also assumed to have constant
. b . g .
variances 0, 2 o,”,and °u2 respectively. The measured quantities (V, o, &, B) can then be written

as follows:

Voor = Vi, * By *uy
o = ot Ba +u (C1H
B = BT: + Bu + u,

where each measurement consists of the true value + bias + random noise. It is then necessary to

express i’LAT(t) and f’LONG(t) as functions of the noise processes to see how these noise processes
are propagated through the basic Doppler differential equations. The continuous-time Doppler equa-

tions can be written as

(VI)OP - Bv - uv) -cos(oz+B—B“—Bu—ua-ud)

PLAT(t) = pvs
(C2)
. ~(Vpor = By - uy) * sin(a+B-B - B, -u -u)
PLONG(t) =
60 * cos (PLAT -« 7/180)
For simplification, define V, = V,, . - By,B,, =B, + B,u , =u +u,o0 ° =9~
+ oﬁz,(0<+[3)u Za+f- Bau.Then Equation (C2) becomes
. _ (vo - uV)
PLAT(H) = (== - cos [(a+ﬁ)u - u, u]
(C3)
. —(V“ - uV) * sin [(a+6)0 - “ua]
PLONG(t) =

60 ¢ cos (PLAT - n/180)

ot . _____“,_J




.94 -

If Equation (C3) is expanded, the result is

v)
l"LAT(t) = ~6—O- . [cos (o + B)u * cos (uuﬁ) + sin (o + B)“ . sin (uw.)]

u
v
- &)— . [cos (a +B)“ . cos(uw) + sin (@ +f) - sin (u“J)]
(C4)
. -V, [sin (o + B)“ * ¢os (uw) - cos (« +ﬁ)u * sin (uw,)]
PLONG(t) = 24
60 * cos (PLAT - n/180)
uy, [sin (+ ) * cos (uw) - cos(a+f) *sin (u“J)]
+
60 - cos (PLAT - 7/180)
The small angle approximation applied to u,, and u_ J implies that
. 1
PLAT(t) = 66 . [VU ccos(a+f) + u,, V, esin{a+f) - ug *cos(a+P)
- Uy cug g, csin(a+f)
(&)

g O
60 * cos (PLAT * n/180)

. -V, csin(a+ 6)n +u eV occos(a+f) + u, *sin(a+P),
PLONG(t) = .

- uy cu,, *cos (o + )

60 - cos (PLAT * 7/180)

In Equation (C5), the noise cross term, uy *u ,can be eliminated because u,, and u  are assumed
hy

to be uncorrelated, implying that u,, * U, will have only a seond order effect at most. With this

approximation, the equivalent noise processes in PLAT and I"LONG, u,
can be expressed as

| and u respectively,

A I ONG

'-"'—--——l———__.“
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~u u

v
Uiagr = ?(-)— ‘ cos (a+ ), +—6%B* *V, *sinfa+ )

(C6)
[uy ~sin@+p), + u,, -V, -cos(@+p),
u .=
LONG 60 * cos (PLAT * 7/180)
and the corresponding variances of these noise processes would be
i
0,2 o’ ;
v I h)
(,LATZ = —— - cosi(a+ g, * L V“2 + sin“(a* )
(60)° (60)*
(€7

, [o\,2 . sinz(oz*'ﬁ)0 + oad2 -V 2 cos” ( +B), ;

Crong’ R
[60 - cos (PLAT - 7/180))

aade. 4 aa

The equivalent noise processes for the continuous-time Doppler system of Equation (C2)
have just been defined. However, in order to calculate the G, needed in the Kalman filter implemen- 4

tation, it is necessary to look at the sampled-data version of the Doppler state equations. Including
noise processes, these equations can be written as follows:

PLAT“I = l’LATk + (Alk - A3k . BVk) . sin(Bqdk) +(A2k - A4k . BVk) . cos(Bu“)
1 'y + 10
+ &) . f s " Vibop ~ Byt sin(a*B—Budk)dt
'k
+ 10
R + con ()
_ 6‘0 f uy, cos (a + 3 - B..uk)dt
!
k

[(A1, A3 - By ) cos(B )+ (A4 By A2 (B )]
PLONG,,, =PLONG, = - — — -~--om oo oo oo oo : T
cos (PLAT, * 1/180)

'ﬁ + 1 n

f u (Vm”, B\‘k) ceos{o+ - BMk )it + 1 uy tsin (a4 g “‘..zk )dt

60 + cos (PLAT, * 7/180)
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where i
1 e * 10 i
Al = a . f VDOP * sin (o + B)dt
'
1 t, + 10
A2, = — - f VI)OP * cos (a + B)dt
60 \
k
(C9)
t, +10
- 1 k .
A3, = o0 ‘f sin (a + B)dt
k
1 1+ 10 1
A4, = .6—0_ . t{ cos (o + B)dt

As a simplification, assume average values for V, , , @, and §§ over the integration interval
(i.e. for the noise terms only) by using their values at t = t, + 5. Furthermore, define new random
noise processes, u; 8 and u:, , as follows:

t, + 10 t +10
U = I uaadt = f (u, +uB)dt
'k K
(C10) ) 1
e tl1o
uy, = I u, dt
'k

With these changes, the discrete Doppler equations become

PLAT,,, = PLAT, + (Al, -~ A3, *B,,) sin(B,;) + (A2, - A4, * By,) " cos(B_,,)
+ A5, -u;‘;k + A6, -uy,

(C11)

(A1, - A3, *By,) -cos(B_,,) *+ (A4, - By, - A2, ) *sin(B_,, )

PLONG,,, = PLONG, - [ ! . : o)

cos (PLAT, - n/180)

+ AT v

L ]
wok ¥ A8 cuy,




-1
— - +cos(a+f - B, sx)

A6, =
k60
tk + S5
(C12)
AT = (VDOP— BVK) s cos(a+f - Baﬁk)
k 60 -+ cos (PLAT, - 7/180)
Wt )
sin (a+f§ - Baﬂk)
A8, =
60 - cos (PLAT, - 7/180)
tk + 5

In spite of the fact that the continuous noise processes, u and u,,, are assumed to have

constant variances and zero means, the corresponding discrete-time noise processes do not necessarily
have to have these characteristics, mainly because of the coloration effect that the integration process

will have on the noise. Nevertheless, for the purposes of the Kalman filter implementation, u; "

2

and u:,  will be assumed to have the constant variances — o; ‘,2 and a:, 2 respectively — where a; 4

and a;. % will be chosen to have about the same order of magnitude as 0 ‘32 and g, 2,

From the foregoing developments, the discrete plant noise process can be identified as

.
uy = [“:/k u:uk] (C13)

having the auto-covariance matrix,




—————
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The associated gk matrix can be expressed in the following 10 X 2 form: 4

[ ]
A6, A5,
A8, AT,
0 0
g = . . (C15)
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APPENDIX D

EVALUATION OF 0d¢i/oPLAT; dd¢i/9PLONG

Recall that the general observation equation for expressing VLF station phase difference
measurements is

¢i, = dgi(PLAT,,PLONG,) + B, + v i=1,...,6 (D1)

wik’

Now d¢i represents the relationship between a specified (PLAT, PLONG) geographical position and
the theoretical phase difference of VLF station i (PLAT, PLONG in units of geographical degrees and
d¢i in units of microseconds). It is impossible to express d¢i explicitly; however, each d¢i is readily
calculated from computer algorithms that can generate theoretical VLF station phases for any
specified geographical location via the Sodano inverse routine (Refs. 18 and 19).

The partial derivatives, dd¢i/0PLAT and 0d¢i/dPLONG, can be expressed fairly explicitly
using the following argument. Consider a geographical location, P, and a VLF station location, S, as
shown in Figure 37(a), with dPs’ [ and a, the distance, phase, and azimuth (i.e heading) respec-

tively from P to S. Consider, also, a small change in latitude only, ALAT, in going from point P to a
new point, P', a distance dLAT away. Let d; ¢, ¢p., and @, be the corresponding distance, phase,
and azimuth from P’ to S. Consider, now, the relationship between Ad = dp.g - dpg and dLAT.
Based on Figure 37(a), assume that a, ¥ a, since dLAT and Ad are quite small while d,, and
d, ¢ are quite large distances. It then holds that

Ad ~ - cosa, *dLAT (D2)

The relationship between dpg and ¢, ¢ is simply,

dps(nm) = Vs(nm/p sec) * ¢, (1 sec) (D3)

where V is the speed of propagation of the signal transmitted from VLF station S. The substitution,
Ad = V¢ + A¢, into Equation (D2) yields

Vg - A¢p = - cos a, * dLAT = - cosa, * 60 * ALAT (D4)
or
A -60
¢ ~ —— * cosa (D5)
ALAT Vg K

In the limit as ALAT — 0, Equation (D5) becomes

-60
adq)S/aPLAT = 7— * cosa, (D6)

S
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In similar fashion, based on the geometry depicted in Figure 37(b), consider a small change
in longitude in going from point P to point P'. Using the same kind of argument as before, an approx-
imate expression for Ad can be determined as,

Ad = sina, - dLONG (D7)

Substituting Ad = V¢ - Ag and dLONG = 60 * ALONG - cos(PLAT) into Equation (D7) yields
S

Vg - A¢ = sina, - 60 *+ ALONG * cos(PLAT) (D8)
or
A _ 60 )
m x~ -{,— *sina, - cos(PLAT) (b9

and, in the limit as ALONG — 0, Equation (D9) becomes
60 .
ad¢s JOPLONG = V— * sina, * cos(PLAT) (D10)

Note that both of the partial derivatives, 3d¢/dPLAT and 0d¢/dPLONG, are functions of
PLAT and PLONG (since, in particular, a, is a function of PLAT, PLONG). Moreover, for any

specified geographical position (PLAT, PLONG) and any specified VLF station, the values of sin a,
and cos a, come directly out of the Sodano inverse routine as it is programmed at NAE. Equatxons

(D6) and (DlO) are then used to calculate the values of the partial derivatives for the specified posi-
tion and VLF station.
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